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ABSTRACT 
The Arabidopsis variegation2 (var2) mutant, displaying a conspicuous green and 
white sectoring phenotype, is one of the most well-characterized variegation mutants and is 
the caused by mutations in VAR2, which encodes a subunit of the FtsH metalloprotease 
complex situated in the chloroplast thylakoid membranes.  FtsH proteins mediate a myriad of 
processes in plants, the most prominent one being the turnover of photosystem II reaction 
center D1 protein.   
The Rodermel lab is interested in using the unique variegation phenotype of var2 
mutant as a tool to study the mechanism of variegation and the regulation of chloroplast 
biogenesis.  To this end, our lab has carried out second-site var2 genetic suppressor screens 
to obtain mutants with non-variegation phenotype despite the var2 mutant background.   
Previous work with several var2 suppressors carried out in our lab and others’ has 
uncovered an unexpected link between var2 variegation and chloroplast translation.  A 
number of suppressor lines have defects in chloroplast rRNA processing and/or chloroplast 
translation.   
My research has been primarily focused on two var2 suppressor lines, 004-003 (var2-
5 svr7-1) and TAG-11 (var2-5 svr3-1).  The molecular cloning of the two suppressor genes 
revealed that SVR7 is a chloroplast PPR (Pentatricopeptide Repeat) protein that might 
function in nucleic acids binding whereas SVR3 is a chloroplast homolog of the prokaryotic 
TypA translation elongation factor.  Consistent with the link between var2 and chloroplast 
translation, both mutant lines have distinct chloroplast rRNA processing defects.  
Interestingly, I also found that var2 and svr3 single mutants are both chilling sensitive and 
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that they display a pronounced chlorosis phenotype at low temperatures.  These findings 
reinforced the known relationship between chloroplast translation and chilling stress and also 
the connection between VAR2 function and chloroplast translation.   
Extending from the var2 suppressor work, I also carried out research that led to the 
identification of a putative chloroplast protease, VirX, and the generation a var2-4 near 
isogenic line in the Landsberg erecta ecotype background.  
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CHAPTER I GENERAL INTRODUCTION 
Variegation mutants 
Variegation mutants provide an excellent system to explore the mechanisms of 
chloroplast biogenesis and the nature of communication between the nucleus-cytoplasm, 
chloroplast and mitochondrion (reviewed in Leon et al., 1998; Rodermel, 2001; Yu et al., 
2007).  The leaves of these mutants have green and white (or yellow) sectors that arise as a 
consequence of mutations in nuclear or organelle genes (Tilney-Bassett, 1975).  Whereas the 
green sectors contain cells with morphologically normal chloroplasts, cells in the white 
sectors contain plastids that lack pigments and normal lamellar structures.  One common 
mechanism of variegation involves the induction of defective chloroplasts (or mitochondria) 
by mutations in nuclear genes that code for organelle proteins.  In some cases the green and 
white cells have different genotypes.  For example, transposable element activity can 
inactivate a gene required for normal chloroplast function in some cells (white cells) but 
excision can reconstitute gene function (green cells).  In other cases the two types of cells 
have the same (mutant) genotype, indicating that the gene product is required in some, but 
not all, cells of the mutant.  A fundamental question regarding variegations of this type 
concerns the mechanism of variegation, and why normal-appearing tissues arise in a mutant 
background.   Are there compensating factors or activities present in some plastids or cells? 
Despite the large number of mutant screens that have been conducted in Arabidopsis, 
relatively few "variegation" loci have been characterized at the molecular level (reviewed in 
Yu et al., 2007).  This review will concentrate on var2 (Figure 1), and address the question 
how second site suppressor analysis has enhanced our knowledge of the function of VAR2 
 2
and the mechanism of var2 variegation.  These studies have allowed us to gain insight into 
broader themes of chloroplast biogenesis. 
 
The var2 variegation mutant 
 The first var2 alleles were reported by Martínez-Zapater (1993).  He showed that two 
EMS-generated Arabidopsis variegations that were inherited in a Mendelian recessive 
fashion were allelic, and that they mapped to the same location on chromosome 2.  He 
designated this locus VAR2 and the mutant alleles as var2-1 and var2-2.  To date 
approximately 20 alleles of var2 have been reported, and the extent of white sector formation 
in these mutants varies widely.  While most have been isolated in relatively recent mutant 
screens, several are from the trove of uncharacterized variegation mutants that were early 
deposited in the Arabidopsis Stock Centers (Chen et al., 1999; Sakamoto et al., 2004).  These 
include some of the first mutants isolated in Arabidopsis research, such as the X-ray induced 
“yellow variegated” and “greener immutans” mutants, which were isolated by Rédei in the 
1950’s and later shown to be allelic to var2 (designated var2-4 and var2-5, respectively) 
(Chen et al., 1999).   
The cotyledons of var2 are all-green, but emerging true leaves of strong alleles are 
visually yellow, with green/white sector formation becoming apparent as leaf expansion 
proceeds.  All normally green organs of mature var2 plants are variegated, and the extent of 
var2 variegation is affected by developmental factors such as leaf position on the rosette, 
with green sector formation progressively increasing as one moves up the rosette (Zaltsman et 
al., 2005a).  This is correlated with increased amounts of FtsH mRNA and protein.  Most 
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studies have reported that the extent of variegation can also be influenced by environmental 
factors such as light intensity and temperature, with higher light and chilling temperatures 
promoting white sector formation (Martínez-Zapater, 1993; Chen et al., 1999; Rosso et al., 
2009).  The studies of Zaltsman et al. (2005a) are an exception to these studies; these authors 
could not find evidence for the light-sensitivity of var2.  Plastid type appears to become fixed 
early in leaf development inasmuch as white sectors do not turn green (and vice versa) when 
growth conditions of light or temperature are altered (Martínez-Zapater, 1993).  
Chloroplasts in the green sectors of var2 resemble those in wild type, whereas plastids 
in the yellow-white sectors lack organized internal membranes but contain vacuoles, 
numerous plastoglobubli, and large chloroplast DNA-containing nucleoids (Chen et al., 1999; 
Kato et al., 2007).  Another fundamental characteristic of var2 is the presence of 
heteroplastidic cells that contain rare chloroplasts in addition to abnormal plastids, which 
form the bulk of the plastid population in these cells (Chen et al., 1999).  The presence of 
“mixed cells” of this type is rare in plants, but such “plastid autonomous” behavior indicates 
that individual plastids in var2 cells are affected differently by the nuclear mutation.  This 
likely reflects intrinsic differences in biochemistry among the 100+ plastids in a cell, e.g., due 
to gradients – sometimes steep – of CO2, light, chlorophyll and photosynthesis across the 
thickness of a leaf (Smith et al., 1997).  The plastids in a cell might also have variable 
amounts of the various FtsH proteins (see below).   
 
VAR2 is a member of a small multigene family 
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The ftsH (filamentation temperature sensitive) gene was first identified in 
Escherichia. coli (Tomoyasu et al., 1993; Ogura et al., 1991).  It encodes a plasma 
membrane-bound metalloprotease.  FtsH is a member of the large and diverse AAA+ 
(ATPase associated with diverse cellular activities) protein family (Neuwald et al., 1999).  
All members of this family contain an N-terminal transmembrane segment and a C-terminal 
soluble region that consists of one or two AAA+ domains followed by a protease domain 
(Tomoyasu et al., 1993).  The AAA+ domain (~200-250 amino acids) contains an ATP-
binding site that includes Walker boxes A and B and the second region of homology (SRH) 
(Beyer, 1997).  The SRH contains an arginine (the “arginine finger”) that is essential for ATP 
hydrolysis (Ogura et al., 2004).  VAR2 (and other FtsH proteins) have high homology to the 
“metal-dependent protease” AAA+ protein subfamily (Tomoyasu et al., 1995).  FtsH proteins 
contain a single AAA+ domain and a Zn-binding site (HEXXH) in their protease domain, and 
N-terminus is spans the membrane either once or twice.  For example, VAR2 is thought to be 
anchored in the thylakoid membrane via two N-terminal transmembrane domains, leaving 
most of the protein facing the stroma (Lindahl et al., 1996; Chen et al., 2000; Sakamoto et al., 
2003).  
FtsH-like proteases are ubiquitously distributed in prokaryotes and in the 
mitochondria and chloroplasts of eukaryotes (Sokolenko et al., 2002).  The first FtsH protein 
in plants was detected in spinach chloroplast using an E. coli FtsH antibody, and an FtsH-like 
cDNA was subsequently isolated in Arabidopsis by screening a cDNA library with an E. coli 
probe (Lindahl et al., 1996).  This gene was designated AtFtsH1 (after the nomenclature for 
FtsH proteins proposed by Adam et al., 2001).  VAR2 was first cloned in the Rodermel lab 
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via map-based procedures (Chen et al., 2000), and a T-DNA tagged allele was subsequently 
reported by the Sakamoto group (Takechi et al., 2000); VAR2 is also designated 
AtFtsH2(Adam et al., 2001).  At least ten other genes with all of the features characteristic of 
FtsH can be identified in the Arabidopsis nuclear genome (Sakamoto et al., 2003; Sokolenko 
et al., 2002; Yu et al., 2004) (Table 1). Eight of the Arabidopsis genes comprise four highly-
conserved gene pairs (AtFtsH1/5, AtFtsH2/8, AtFtsH3/10, AtFtsH7/9), while AtFtsH4 and 
AtFtsH11 are also related but to a much lesser extent (Sakamoto et al., 2003; Yu et al., 2004).  
These pairs are likely due to duplications that have characterized evolution of the Arabidopsis 
genome (Vision et al., 2000). 
All twelve FtsH gene products have been localized in chloroplasts and/or 
mitochondria using techniques of GFP tagging, in vitro chloroplast import, immunological 
detection in isolated organelles and/or proteomics (Chen et al., 2000; Sakamoto et al., 2002; 
Sakamoto et al., 2003; Heazlewood et al., 2004; Yu et al., 2004; Friso et al., 2004; 
Urantowka et al., 2005).  Three of the 12 proteins are targeted to mitochondria 
(AtFtsH3/4/10), eight to the plastid (AtFtsH1/2/6/7/8/9/12), and AtFtSH11 appears to be 
dual-targeted to both organelles.  Phylogenetic comparisons of the structures and protein 
sequences of rice and Arabidopsis FtsH genes have revealed that a “core” complement of 
seven FtsH genes existed before the monocot/dicot divergence (Yu et al., 2005).   
It might be noted that in addition to the 12 genes with canonical FtsH features, 
Arabidopsis has four FtsH-like genes that contain an ATP-binding site but lack the Zn-
binding motif (Sokolenko et al., 2002).  These have been termed “FtsHi” (inactive) proteins, 
and all are predicted to reside in plastids.  It has been suggested that these proteins probably 
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do not have protease activity, but that they might function as chaperones (Sokolenko et al., 
2002). 
 
FtsH functions 
 In E. coli, FtsH has both chaperone and protease activities and is a crucial element in 
protein quality control involving a number of different substrates and processes (Suzuki et al., 
1997; Ito and Akiyama, 2005).  It degrades unneeded and damaged membrane proteins as 
well as soluble signaling factors.  In a similar manner, chloroplast FtsH has been implicated 
in the mediation of numerous seemingly unrelated processes (Adam et al., 2006; Sakamoto, 
2006; Yu et al., 2007).  The most clearly defined function of FtsH in plants is its involvement 
in the D1 turnover process.  D1 is the reaction center protein of Photosystem II (PSII), and 
the involvement of D1 in PSII high energy reactions renders it vulnerable to photoinhibition 
and photodamage caused by excessive light energy and reactive oxygen species (ROS) 
(Nixon et al., 2005).  Repair of D1 involves proteolytic removal of the damaged D1 protein, 
the synthesis of a new copy of D1 and reassembly of new D1 with other subunits to form 
functional PSII complexes (Baena-Gonzalez and Aro, 2002).  A direct involvement of FtsH 
in D1 turnover was first demonstrated in vitro with isolated AtFtsH1, which was able to 
degrade a 23kD D1 product, probably in concert with other chloroplast proteases such as Deg 
(Lindahl et al., 2000; Haubühl et al., 2001; Sun et al., 2007, Kapri-Pardes et al., 2007).  In 
addition to AtFtsH1, AtFtsH2 and AtFtsH5 are thought to be involved in D1 turnover 
inasmuch as var2 and var1 (defective in AtFtsH2 and AtftsH5, respectively, see later) are 
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more prone to PSII photoinhibition, and the D1 degradation process is impaired in var2 
(Bailey et al., 2002; Kato et al., 2009).   
An involvement of FtsH in D1 turnover has also been demonstrated in Synechocystis 
sp. PCC 6803, which has four FtsH-like genes.  Of these, the slr0228 gene product is 
involved in the D1 turnover process (Mann et al., 2000; Silva et al., 2003; Kamata et al., 
2005; Nixon et al., 2005; Komenda et al., 2006; Yoshioka et al., 2006; Cheregi et al., 2007).  
Interestingly, insertional inactivation of slr0228 led to a significant reduction in the amount 
of photosystem I (Mann et al., 2000), something not seen in higher plant AtFtsH mutants.  
This reduction might be a secondary effect of impaired D1 turnover, or it might suggest that, 
at least in Synechocystis, FtsH has a more general role in the maintenance of photosynthetic 
membranes.  Nevertheless, these findings indicate that the D1 turnover function of FtsH is 
conserved in both prokaryotic and eukaryotic photosynthetic organisms.   
Accumulating evidence suggests that the formation of white sectors in var2 occurs 
early during chloroplast biogenesis, and that it cannot be entirely explained by 
photooxidation due to a defect in D1 degradation (Chen et al., 1999; Zaltsman et al., 2005a; 
Kato et al., 2007; Kato et al., 2009).  Other VAR2-mediated events that might disrupt plastid 
differentiation include processes that affect plastid membrane biogenesis.  For instance, it is 
well-known that FtsH is involved in the degradation of unassembled Rieske Fe-S proteins of 
the cytochrome b6f complex (Ostersetzer and Adam, 1997), and that the AtFtsH6 isoform is 
involved in the degradation of the light-harvesting complex of PSII (LHCII), at least under 
conditions of high light and senescence (Zelisko et al., 2005).  On the other hand, it is 
possible that FtsH is required for other aspects of organelle differentiation.  In this context, an 
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involvement of FtsH has been documented in a number of seemingly unrelated processes.  
These include: 
1. A tobacco chloroplast FtsH-like protein, DS9, whose transcript and protein levels are 
decreased after the infection of tobacco mosaic virus, was identified as a potential 
component of the N-gene-mediated hypersensitive response (HR), suggesting that 
repression of chloroplast function might be an important aspect of HR (Seo et al., 
2000).   
2. Through genome-wide transcript profiling, Arabidopsis AtFtsH1 was found to be one 
of the first genes induced by far-red light, implicating FtsH activity in the signal 
transduction pathway of light-regulated plant development (Tepperman et al., 2001).   
3. Genetic screening for Arabidopsis mutants that are defective in thermotolerence led 
to the isolation of atts244 (Arabidopsis thaliana thermo-sensitive), which has a lesion 
in the AtFtsH11 gene (Chen et al., 2006).  In contrast to other chloroplast AtFtsH 
proteins, AtFtsH11 is not involved in high light tolerance, but rather plays a role in 
thermotolerance, which is a function not performed by the other FtsH proteins.  
Thermotolerance is a primary function of FtsH in non-photosynthetic prokaryotes and 
yeast mitochondria, and interestingly, AtFtsH11 is more closely related 
phylogenetically to these proteins than are the other chloroplast AtFtsH proteins (e.g., 
Yu et al., 2005; Chen et al., 2006).   
4. Biochemical purification of proteins involved in plastid membrane vesicle fusion 
and/or membrane protein translocation identified an FtsH-like protein, Pftf (plastid 
fusion and/or translocation factor) in pepper (Hugueney et al., 1995).   
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The diverse array of processes mediated by chloroplast FtsH is intriguing, and though 
the precise mechanisms will be difficult to define, these processes provide a possible 
platform for future genetic and/or biochemical methods to identify novel FtsH substrates and 
physiological functions.  
 
Arabidopsis ftsH mutants, functional redundancy and oligomer formation 
Knockout mutants of Arabidopsis AtFtsH genes that are targeted to chloroplasts have 
been isolated, and with the exception of mutations in AtFtsH2 (var2) and AtFtsH5 (var1), 
they do not have readily observable phenotypes (Sakamoto et al., 2003; F. Yu and S. 
Rodermel, unpublished data).  Like var2, var1 is variegated, but to a much lesser extent 
(Chen et al., 2000; Sakamoto et al., 2002).  The severity of the null phenotypes of the various 
AtFtsH genes correlate well with differences in gene expression at both the mRNA and 
protein levels, at least in mature rosette leaves: AtFtsH2 is the most abundantly expressed 
gene (and var2 is the most severe allele), followed by AtFtsH5 (var1 is the next most severe 
allele), AtFtsH8, and AtFtsH1 (Sinvany-Villalobo et al., 2004).   
Consistent with the observation that most AtFtsH genes comprise pairs of closely 
related genes, complementation tests have revealed that overexpression of AtFtsH8 in var2 
gives rise to a transformed plants with nonvariegated phenotype, as does overexpression of 
AtFtsH1 in var1 (Yu et al. 2004; Yu et al., 2005).  This suggests that AtFtsH2 and AtFtsH8 
are functionally interchangeable in Arabidopsis chloroplasts, as are AtFtsH1 and AtFtsH5, 
i.e., that the members of each phylogenetic pair are functionally redundant, at least in part.  
Consistent with this interpretation, the members of each pair have similar expression patterns 
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(Yu et al., 2004; Sinvany-Villalobo et al., 2004), and double mutants generated by crosses 
between Atftsh2 (var2) and Atftsh8 or between Atftsh5(var1) and Atftsh1 are lethal.  A 
reduction of AtFtsH1 in an Atftsh5 (var1) mutant background through AtFtsH1 antisense 
gene silencing also produced mutant plants with an increased degree of variegation (Yu et al., 
2005).   
In contrast to the interchangeability of members of each phylogenetic pair, a member 
of one pair cannot substitute for a member of the other pair.  For instance, var2 cannot be 
rescued by overexpression of AtFtsH1 nor can var1 be rescued by overexpression of VAR2 or 
AtFtsH8 (Yu et al., 2005).  This supports the idea that there are two subpopulations of FtsH 
proteins in chloroplasts that might differ in their structural or functional roles.  These 
populations have been designated type A (1 and 5) and type B (2 and 8) (Zaltsman et al., 
2005b).  There do, however appear to be synergistic interactions between the members of 
opposite pairs inasmuch as mutations in either of the genes for type A proteins (1 or 5) 
accentuate the variegation phenotype of var2 in double mutants (Zaltsman et al., 2005b).   
In E. coli, FtsH forms homohexamers and large heterocomplexes with HflK/C 
(Akiyama et al., 1995; Kihara et al., 1996; Saikawa et al., 2004; Ito and Akiyama, 2005).  It 
forms ring-shaped toroids in which target polypeptide chains are translocated in an ATP-
dependent manner from rings composed of the AAA domains into the interior of the 
molecule, where the proteolytic sites are locate and where substrate proteins are degraded in a 
processive manner (Bieniossek et al., 2006; Suno et al., 2006).  FtsH proteases are also 
present as complexes in thylakoid membranes (Sakamoto et al. 2003; Yu et al. 2004; 2005).  
Of the nine gene products that can be targeted to chloroplasts, only four have been detected 
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there, perhaps because they are present in low abundance (Sinvany-Villalobo et al., 2004; Yu 
et al., 2004; Friso et al., 2004).  Therefore, it has been hypothesized that thylakoid FtsH 
complexes are composed (at a minimum) of the two phylogenetic pairs -- AtFtsH2/8 and 
AtFtsH1/5.  In support of this idea, these proteins interact with one another immunologically 
(Sakamoto et al., 2003; Yu et al., 2005); all four proteins decrease coordinately in amount in 
var2 or var1 (Sakamoto et al., 2003; Yu et al., 2004); and in the absence of either type A or 
type B subunit (as in double mutants), no active complex accumulates (Zaltsman et al., 
2005b).  In addition, as mentioned earlier, overexpression of AtFtsH8 (in var2) or AtFtsH1 
(in var1) rescues the variegation phenotype by restoring total FtsH pool sizes to normal (Yu 
et al., 2004; 2005).  Taken together with the finding that normal amounts of subunit mRNAs 
accumulate in var2 and var1 (Yu et al., 2004; 2005), these observations suggest that subunit 
stoichiometry is controlled by post-translational degradation of excess protein.  Based on the 
relative quantities of the four proteins (Sinvany-Villalobo et al., 2004) and the fact that FtsH 
proteins normally form hexamers, it has been estimated that the ratio of type A subunits (1+ 
5) to type B subunits (2 + 8) in FtsH complexes might be two type A to four type B 
(Zaltsman et al., 2005b).   
 
The “threshold” model of var2 variegation 
 In devising a hypothesis of var2 variegation, several observations must be taken into 
account.  First, plastids with intermediate phenotypes are not observed in var2 tissues: they 
either resemble wild type chloroplasts (green sectors) or are vacuolated and lack organized 
lamellar structures (white sectors) (Chen et al., 1999).  Second, the white sectors of var2 are 
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heteroplastidic, indicating that there are biochemical differences among the many plastids 
within a var2 cell (Chen et al., 1999).  Third, sectoring is irreversible in var2 (Martínez-
Zapater, 1993).   
 To account for these observations, we early proposed that the mechanism of var2 
variegation involves a “threshold” of FtsH activity that is crucial for normal chloroplast 
development (Yu et al., 2004); above the threshold a normal chloroplast forms, and below the 
threshold a white plastid is produced.  We further hypothesized that attainment of this 
threshold is important early in leaf development when proplastids in the meristem 
differentiate into chloroplasts in the leaf primordium, i.e., when the components of the 
photosynthetic apparatus are synthesized and assembled.  At this time, we assume that 
plastids differ in their biochemistries and consequently in their requirement for FtsH activity, 
and that the FtsH threshold for a given plastid might therefore fluctuate during development 
and in response to different physiological conditions.  According to this scenario, deficiencies 
in one subunit (as in var2) might be compensated for by variable expression and 
accumulation of other subunits of the complex or by other compensating activities.  In this 
context it is important to note that the FtsH threshold necessary for normal chloroplast 
development is probably lower than the amount of FtsH observed in wild type chloroplasts 
because the chloroplasts in var2 green sectors have sub-wild-type VAR2 and FtsH 
accumulation (Sakamoto et al., 2003; Yu et al., 2004).   
To gain insight into the mechanism of var2 variegation and the validity of the 
threshold hypothesis, we and others have conducted second site suppressor screens to identify 
mutants that are able to abolish the variegation phenotype, giving rise to all-green plants.  
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These mutants presumably define processes that are able to compensate for the lack of var2 
during early chloroplast biogenesis.  These screens are described in the next section. 
 
Suppressors of var2 variegation 
 We have carried out two parallel var2 genetic suppressor screens.  The first approach, 
a classic chemical-induced mutagenesis using ethyl methanesulfonate (EMS), would be 
anticipated to generate loss-of-function var2 suppressors (Park and Rodermel, 2004).  As 
with other EMS screens, the advantage of this method is that the mutation rate is high thus 
initial mutant recovery is easy.  However, the identification of mutant genes involves map-
based cloning, which still demands considerable work and commitment despite becoming a 
more routine procedure with the availability of the complete genome sequences of 
Arabidopsis (Lukowitz et al., 2000) and a large number of polymorphic markers (Jander et 
al., 2002).  Two alleles, var2-4, presumably a null allele and var2-5, a missense leaky allele, 
have been used in the EMS screens (Park and Rodermel, 2004).  The use of these two alleles 
potentially enables the recovery of both bypass and interacting suppressors. 
 The second approach we used to isolate suppressors, activation tagging, is a modified 
T-DNA insertional mutagenesis procedure that is based on the ability of Agrobacterium 
tumefaciens to transfer and integrate T-DNA into the plant genome and thus create mutations 
(Weigel et al., 2000; Yu et al, 2008).  In activation tagging, four copies of the CaMV 35S 
promoter enhancer sequence are included in the T-DNA, so dominant gain-of-function 
mutants can be identified, in addition to conventional T-DNA insertion mutations.  An 
advantage of T-DNA based mutagenesis is that recovery of the insertion site is relatively 
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straightforward, due to the inclusion of the pUC19 vector sequence in the T-DNA, which 
enables plasmid rescue.  One drawback of activation tagging is that multiple copies of the T-
DNA are often transferred to the plant genome, so it is necessary to establish the linkage of 
the insertion and the desired phenotype prior to the recovery of the insertion site.  In addition, 
many activation tagged lines are not genetically stable.  Only var2-5 was used in the 
activation tagging screen, because its growth is robust and large scale generation of 
transgenic plants is more practically achievable. 
 Using these two approaches, we have isolated a large number of putative var2 
suppressors (>100).  These lines display a variety of non-variegated leaf phenotypes that 
include normal-green, pale-green and virescent (“center yellow”).  We have thus far mapped 
the suppressor genes in ~20 lines, and none map to the same locus.  This suggests that the 
number of suppressor loci has not yet been saturated in our screens and, hence, that this 
number could be quite large.  Several of the suppressor genes are dominant gain-of-function 
mutations (from activation tagging), while the others have recessive loss-of-function 
mutations (from both the EMS and activation tagging screens).   
 We have also isolated a number of enhancers of var2, i.e., mutants that display a 
higher degree of variegation than the var2 background.  This type of synergistic genetic 
interaction is reminiscent of that between var2 and var1, which supported the finding of a 
physical interaction between VAR2 and VAR1 (Sakamoto et al., 2003).  Future work with 
var2 enhancers may thus uncover similar novel interactions, genetically and/or physically, 
that are very different from those found in the suppressor screens.  
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 In the past several years, a handful of var2 suppressors have been cloned and 
characterized at the molecular level.  Nearly all of the suppressors are nuclear recessive and 
epistatic to var2.  Published var2 suppressors include: 
 
svr1 and svr2  
 The svr1-1 (suppression of variegation) mutant was isolated in the T-DNA activation 
tagging screen as a loss-of-function suppressor of var2, and the mutation is tagged by a T-
DNA insert, allowing its recovery by plasmid rescue (Yu et al., 2008).  The double mutant 
(svr1-1 var2-5) and the single svr1-1 mutant are pale-green, indicating that svr1-1 is epistatic 
to var2.  SVR1 encodes a putative chloroplast pseudouridine synthase.  Pseudouridines are 
present in many non-coding RNA species, and the conversion of uridine to pseudouridine is 
catalyzed by pseudouridine synthase.  The loss of SVR1 results in a suite of molecular 
phenotypes that include defects in chloroplast rRNA processing, elevated chloroplast mRNA 
levels, and decreased chloroplast translation.  Interestingly, svr1-mediated suppression of 
var2 can be phenocopied by chloroplast translation inhibitors, suggesting that impaired 
translation plays a central role in the suppression mechanism (Yu et al., 2008).   
svr2 was also isolated in the T-DNA activation tagging screen, but it was cloned by 
map based procedures since the mutant gene is tagged by a complex T-DNA insertion that 
did not allow isolation via plasmid rescue (Yu et al., 2008).  svr2 has a virescent phenotype, 
i.e. the basal portions of newly-emerged leaves are yellow, but the leaves turn progressively 
green as leaf expansion proceeds.  SVR2 encodes ClpR1, a subunit of chloroplast clpP/R 
protease complex (Koussevitzky et al., 2007; Yu et al., 2008).  Like svr1, svr2 is epistatic to 
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var2 and suffers from defects in chloroplast rRNA processing (Koussevitzky et al., 2007; Yu 
et al., 2008).  However, different accumulation patterns of 23S rRNA processing 
intermediates are observed in svr1 and svr2, suggesting distinct rRNA processing steps are 
disturbed, either directly or indirectly, in each mutant (Yu et al., 2008).   
Consistent with the idea that chloroplast rRNA processing and translation are linked 
events, it might not be surprising that defects in chloroplast rRNA processing in mutants such 
as svr1 and svr2 are accompanied by an impairment in their ability to translate chloroplast 
mRNAs (Yu et al., 2008).  Interestingly, such mutants comprise the largest class of var2 
suppressors (data not shown).  We have proposed several mechanisms to explain how 
compromised chloroplast translation decreases the requirement of developing plastids for 
VAR2 activity (Yu et al., 2008).  One explanation proceeds from the premise that a reduction 
in the rate of chloroplast translation prolongs the process of chloroplast biogenesis, allowing 
more time to accumulate a threshold of factors that are able to compensate for a lack of 
VAR2 (i.e., before the decision is made to turn white or green).  Alternatively, suppression 
might be caused by remodeling of the developing chloroplast proteome due to translation-
dependent retrograde (plastid-to-nucleus) signaling (e.g., Sullivan and Gray, 1999, Yu et al., 
2008).  This type of signaling involves generation of a plastid-derived signal in response to 
defective translation that is transmitted to the nucleus, where it leads to altered patterns of 
transcription of nuclear genes for plastid proteins.  In the suppressors, it is presumed that this 
results in an altered chloroplast proteome that is able to compensate for the lack of VAR2.  
Finally, it has been suggested that suppression might be caused by reduced translation of a 
chloroplast DNA-encoded factor (Yu et al., 2008).   
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clpC2 
 The clpC2 mutant was isolated in our EMS screen; it was the first reported var2 
suppressor (Park and Rodermel, 2004).  ClpC2 is a member of the chloroplast ClpC/HSP100 
family of chaperones and probably mediates a number of diverse processes in chloroplasts 
(Schirmer et al., 1996).  Similar to svr1 and svr2, clpC2 is epistatic to var2 (Park and 
Rodermel, 2004). A lack of ClpC2 does not result in chloroplast rRNA processing defects or 
in reduced chloroplast translation, suggesting that the mechanism of suppression by clpC2 is 
probably different from that in svr1 and svr2.   
 
fug1 and sco1 
 The Sakamoto group used EMS mutagenesis to identify suppressors of a var2 allele 
that was obtained via T-DNA tagging (Takechi et al., 2000; Miura et al., 2007).  One of the 
mutants, fug1, is able to suppress both var2 and var1 variegation (Miura et al., 2007).  The 
allele of fug1 in the suppressor is leaky, but the knockout allele is lethal.  FUG1 encodes the 
chloroplast translation initiation factor 2 (cpIF2).  The sco1 (snowy cotyledon) mutant , which 
is disrupted in the gene for chloroplast translation elongation factor G (cpEF-G), was also 
found to be a var2 suppressor (Mirua et al., 2007).  Because FUG1 and SCO1 are factors 
directly involved in chloroplast protein synthesis, the authors proposed that var2 variegation 
is governed by an equilibrium between protein degradation and synthesis (Mirua et al., 2007). 
 
GPA1, a dominant var2 suppressor 
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 The Huang group at the Chinese Academy of Sciences at Shanghai recently reported 
that overexpression of the G protein α subunit (GPA1) is able to rescue var2 variegation, 
possibly through increasing FtsH gene expression.  This represent another possible 
mechanism of variegation suppression, and illustrates the complex genetic interactions VAR2 
is involved in regulating chloroplast development (Zhang et al., 2009).  
 
In summary, the quest for the mechanism of var2 variegation has led to the 
identification of several compensating activities.  First, var2 variegation can be rescued, 
directly or indirectly, by increasing the expression of AtFtsH8, which is functionally 
redundant to VAR2.  Second, a majority of var2 suppressor genes encode known components 
of the chloroplast translation machinery or related processes such as chloroplast rRNA 
modification or processing.  These findings strongly suggest that an impairment in 
chloroplast translation lowers the threshold requirement for VAR2 during chloroplast 
biogenesis, which in turn results in suppression of var2 variegation.  Third, chloroplast 
translation is obviously not the only activity that is able to reduce the need for VAR2, as 
demonstrated in the clpC1 mutant.  For example, a study with another Arabidopsis 
variegation mutant, immutans, concluded that the variegation phenotypes in both immutans 
and var2 are results of photooxidation under high excitation pressure (Rosso et al., 2009).  If 
this is the case, mutations that are able to lower the excitation pressure in var2 might also be 
able to rescue var2.  Last but not least, the cotyledons of var2 are not variegated, displaying 
yet another form of suppression.  The mechanism behind this type of “natural” suppression is 
not clear but differential programming of chloroplast biogenesis between true leaf and 
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cotyledon may be a contributing factor, consistent with recently findings in snowy cotyledon 
mutants that chloroplast development might be differentially regulated in these two tissues 
(Albrecht et al., 2006; Albrecht et al., 2008). 
 
Chloroplast Translation Apparatus 
 As briefly touched on earlier, a majority of var2 suppressor genes identified so far 
encode components of the chloroplast translation apparatus, including structural components 
of ribosomes (svr8), translation factors (svr3; fug1; sco1) and factors that affect translation 
indirectly, including factors involved in rRNA modification and processing (svr1; svr2; svr7).  
The strong correlation between var2 suppression and chloroplast translation inevitably leads 
us to the topic of chloroplast ribosome translation. 
 It is well-established that the present day chloroplast is the result of an ancient 
symbiotic event (Bogorad, 1975), so it is as no surprise that many basic chloroplast processes 
have prokaryotic origins.  Consistent with this notion, the chloroplast ribosome is closely 
related to bacterial type 70S ribosomes (Lyttleton, 1962).  Rapid development in studies with 
ribosomes, culminating in awarding of 2009 Nobel Chemistry Prize to three ribosome and 
translation researchers--Venkatraman Ramakrishnan, Thomas Steitz and Ada Yonath-- has 
provided a tremendous knowledge base and generated unprecedented opportunities for 
chloroplast ribosome and translation research. 
 The recent publication of two low-resolution chloroplast ribosome three-dimensional 
structures has shown that there is an overall structural similarity between chloroplast 70S 
ribosomes and bacterial 70S ribosomes (Manuell et al., 2007; Sharma et al., 2007).  One 
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interesting finding is that compared to bacterial 70S ribosomes, chloroplast 70S ribosomes 
have a higher protein/RNA ratio, about 2/3 in chloroplasts versus 1/3 in bacteria.  This high 
ratio is achieved by 1) the presence of plant specific ribosomal proteins and 2) larger 
chloroplast ribosomal proteins compared to their bacterial counterparts, usually in the form of 
C-terminal amino acid extensions (Yamaguchi et al., 2000a; Yamaguchi et al., 2000b).  
These differences are a potential way to confer chloroplast-specific regulation of protein 
synthesis (Yamaguchi et al., 2000; Yamaguchi et al., 2000b; Yamaguchi et al., 2003). 
 Similar to the other photosynthetic protein complexes such as Rubisco, the 
chloroplast ribosome is a composed of protein subunits (ribosomal proteins) coded by both 
the chloroplast genome (plastome) and the nuclear genome.  In contrast, all the factors that 
regulate chloroplast translation are nuclear encoded, a result of the transfer of plastome genes 
to nuclear genome during endosymbiosis.  One interesting exception is the chloroplast 
translation elongation factor EF-Tu, whose coding gene is located in the plastome of the 
eukaryotic alga Chlamydomonas, but encoded by the nuclear genome in higher plants such as 
Arabidopsis, suggesting a recent transfer event (Baldauf and Palmer, 1990). 
 In contrast to the protein components of the chloroplast translation apparatus, the 
genes for the RNA components (namely rRNA) have been retained in the plastid genome.  
Chloroplast rRNA genes are situated in the two inverted repeat regions of the circular plastid 
genome.  Taking into account the presence of multiple copies of the plastid genome in each 
plastid and multiple chloroplasts in a single plant cell, chloroplast rRNA genes have high 
copy numbers, in deed their transcripts account for a significant portion of total cellular 
RNA.  For instance, rRNAs can be easily visualized in ethidium bromide stained gels 
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containing total cellular RNA.  Reflecting their prokaryotic origin, the four chloroplast rRNA 
genes (16S, 23S, 4.5S and 5S) are arranged into an operon and transcribed as a single 
polycistronic transcript.  It is generally assumed that overall processing of rRNA primary 
transcripts is similar to that of the E. coli rRNA operon.  However, chloroplast rRNA 
processing has several distinct features.  First, the presence of 4.5S rRNA, which shares 
homology with the 3’ region of E. coli 23S rRNA, necessitates an additional processing step.  
Second, the mature chloroplast 23S rRNA is present in two truncated forms (1.0kb and 
1.2kb, respectively), in contrast to the single 23S rRNA transcript in E. coli, creating the need 
for additional processing.  In addition, several 23S rRNA processing intermediates can be 
detected when northern blots of total cellular RNA are probed with a full-length 23S rRNA 
probe.  The precise nature and physiological significance of these processing events are only 
beginning to be uncovered. 
 As in E. coli, a number of endo- and exo-nuclease activities are required to process 
chloroplast rRNAs.  These include at least one endoribonuclease, CSP41 (Yang et al., 1996; 
Yang et al., 1997; Beligni et al., 2008), and two 3’-5’ exoribonucleases: a polynucleotide 
phosphorylase (PNPase), which is involved in 23S rRNA processing, as well as the 
metabolism of tRNAs and mRNAs (Walter et al., 2002; Sauret-Güeto et al., 2006), and a 
homolog of E. coli RNase R (RNR1), which is involved in the maturation of 23S, 16S and 5S 
rRNAs (Kishine et al., 2004; Bollenbach et al., 2005). 
 Other factors that affect chloroplast rRNA maturation are defined by a number of 
mutants that have abnormal rRNA accumulation patterns.  These include: a) maize hcf7 (high 
chlorophyll fluorescence) (Barkan, 1993), maize rnc1 (bacterial homolog encodes RNAse III) 
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(Watkins et al., 2007), and Arabidopsis wco (white cotyledon) (Yamamoto et al., 2000), all of 
which accumulate primarily 16S rRNA precursors; b) Chlamydomonas ac20, which is 
defective in 23S rRNA maturation (Holloway and Herrin, 1998); c) Arabidopsis dal [dag-
like, from the differentiation and greening mutant of snapdragon (Antirrhinum majus) 
(Chatterjee et al., 1996)], which accumulates 16S and 23S precursor rRNAs (Babiychuk et 
al., 1997; Bisanz et al., 2003); d) and tomato dcl (defective chloroplasts and leaves), in which 
4.5S rRNA processing is defective (Bellaoui et al., 2003).  4.5S rRNA processing is also 
impaired in Arabidopsis mutants with down-regulated AtDCL gene expression (Bellaoui and 
Gruissem, 2004).  Several of the genes that are responsible (directly or indirectly) for the 
rRNA defects in these mutants have been cloned, including DCL and DAL, which code for 
novel chloroplast proteins (Bellaoui et al., 2003; Bisanz et al., 2003).   
 Many of the above described mutants that display rRNA processing defects have 
dramatic defects such as albinism, raising the inevitable question of whether these proteins 
are directly involved in rRNA processing or whether the processing defects in these mutants 
are simply secondary effects of some other primary lesion.  In this context, it is worth 
pointing out that the var2 suppressor research in the Rodermel lab has identified several 
genes that impact chloroplast rRNA processing (one example is SVR1, see above), and two 
findings suggest that the defects are unlikely to be general secondary effects.  First, in 
contrast to drastic developmental defects associated with many of the mutants discussed 
above, most of our var2 suppressor mutants do not have grossly altered development.  
Second, as we pointed out for svr1 and svr2, most of our suppressor mutants display distinct 
processing defects, suggesting a specific, rather than general disturbance of this process.   
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Regulation of chloroplast translation 
 Chloroplast translation is a highly regulated process and regulation can occur at many 
levels.  Both environmental cues and developmental stages play important roles in regulating 
chloroplast gene expression.  Light is the most prominent environmental factor that affects 
chloroplast gene expression.  Recent studies have started to reveal the extreme complexity of 
regulation of chloroplast gene expression at the post-transcriptional level (Barkan and 
Goldschmidt-Clermont, 2000; Zerges, 2000; Marin-Navarro et al., 2007).  
 First, cis elements have been identified in the 5’ and 3’ untranslated regions (UTRs) 
of chloroplast mRNAs that control RNA metabolism (Barnes et al., 2005).  Even though 
Shine-Dalgarno-like sequences are present in 90% of chloroplast mRNA 5’-UTRs, their role 
in correct positioning of mRNAs for translation initiation is reduced in chloroplasts.  Rather, 
other cis elements in the 5’-UTR are necessary to initiate translation, probably by interacting 
with trans-acting protein factors (Zerges, 2000, Marin-Navarro et al., 2007).  Different from 
the case in bacteria, where trans factors are often found to repress translation, protein factors 
that bind to the 5’-UTRs of chloroplast mRNAs often play a positive role in regulating 
translation (Marin-Navarro et al., 2007). 
 Second, numerous nuclear encoded protein factors are involved in chloroplast RNA 
intron splicing, nucleolytic processing of mRNA, RNA editing, and modulating RNA 
stability (Barkan and Goldschmidt-Clermont, 2000; Zerges, 2000; Marin-Navarro et al., 
2007).  Some factors have bacterial counterparts, suggesting that chloroplasts have adopted 
some mechanisms similar to those found in bacteria to regulate RNA metabolism.  However, 
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many factors are unique to chloroplasts.  One such example is the Pentatricopeptide Repeat 
(PPR) family of proteins.  PPR family proteins are unique to eukaryotes, and are particularly 
abundant in higher plants (~450 in Arabidopsis), with most of the members targeted to 
chloroplasts and mitochondria (Lurin et al., 2004).  PPR motifs are highly degenerate 35-
amino acid repeats (Small and Peeters, 2000).  It has been proposed that PPR proteins affect 
organelle RNA metabolism by direct binding to specific mRNAs (Schmitz-Linneweber et al., 
2005).  About 20 PPR proteins have been characterized in higher plants (reviewed in 
Delannoy et al., 2007).  However, only in a few cases have the RNA ligands been identified 
(Schmitz-Linneweber, et al., 2005; Schmitz-Linneweber et al., 2006; Beick et al., 2008; 
Williams-Carrier et al., 2008). 
 Last but not least, translation of many chloroplast mRNAs is subject to a type of 
negative feedback called “control by epistasy of synthesis” (CES process).  For instance, in 
higher plants, when the amount of the nuclear encoded small subunit of Rubisco (SS) is 
reduced in the chloroplast, unassembled Rubisco large subunit (LL) will inhibit the 
translation of its own mRNAs (Rodermel et al., 1996).  A similar phenomenon has been 
reported in regulating translation of petA mRNA for cytochrome f in the cytochrome b6f 
complex (Choquet et al., 1998), and of mRNAs for core subunits of PSI and PSII in 
Chlamydomonas chloroplasts (Wostrikoff et al., 2004; Minai et al., 2006). 
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Table 1. Mutant analysis of AtFtsH genes. 
 
AtFtsH 
gene Gene ID 
Protein 
Localization Knockout mutant phenotype Reference 
AtFtsH1 AT1G50250 chloroplast no visible phenotype Zaltsman et al., 2005b; Sakamoto et al., 2003 
AtFtsH2/ 
VAR2 AT2G30950 chloroplast variegated leaves 
Martínez-Zapater, 
1993; Chen et al., 
2000; Takechi et al., 
2000 
AtFtsH3 AT2G29080 mitochondrion reduced activity of 
mitochondrial complex I and V 
Sakamoto et al., 2003; 
Kolodziejczak et al., 
2007 
AtFtsH4 AT2G26140 mitochondrion 
altered late rosette leaf 
development and chloroplasts 
and mitochondria ultrastructure 
under short-day conditions 
Sakamoto et al., 2003; 
Gibala et al., 2009 
AtFtsH5/ 
VAR1 AT5G42270 chloroplast variegated leaves 
Martínez-Zapater, 
1993; Sakamoto et al., 
2002 
AtFtsH6 AT5G15250 chloroplast no visible phenotype; unable to degrade LHC II  
Sakamoto et al., 2003; 
Zelisko et al., 2005 
AtFtsH7 AT3G47060 chloroplast N/A Sakamoto et al., 2003 
AtFtsH8 AT1G06430 chloroplast no visible phenotype Sakamoto et al., 2003; Zaltsman et al., 2005b 
AtFtsH9 AT5G58870 chloroplast N/A Sakamoto et al., 2003 
AtFtsH10 AT1G07510 mitochondrion reduced activity of 
mitochondrial complex I and V 
Sakamoto et al., 2003; 
Kolodziejczak et al., 
2007 
AtFtsH11 AT5G53170 chloroplast  
mitochondrion 
susceptible to high temperature 
stress 
Sakamoto et al., 2003; 
Urantowka et al., 2005 
Chen et al., 2006 
AtFtsH12 AT1G79560 chloroplast N/A Sakamoto et al., 2003 
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CHAPTER II. AN ARABIDOPSIS PENTATRICOPEPTIDE REPEAT PROTEIN, 
SVR7, IS REQUIRED FOR FTSH-MEDIATED CHLOROPLAST BIOGENESIS 
 
A paper to be submitted to the Journal of Plant Physiology 
Xiayan Liu, Fei Yu, Steve Rodermel 
 
ABSTRACT 
 The Arabidopsis yellow variegation2 (var2) mutant has green and white-sectored 
leaves due to loss of VAR2, a subunit of the chloroplast FtsH protease/chaperone complex.  
Suppressor screens are a valuable tool to gain insight into VAR2 function and the mechanism 
of var2 variegation.  Here we report the molecular characterization of 004-003, a line in 
which var2 variegation is suppressed.  We found that the suppression phenotype in this line is 
caused by lack of a chloroplast pentatricopeptide repeat (PPR) protein that we named 
SUPPRESSOR OF VARIEGATION7 (SVR7).  PPR proteins contain tandemly-repeated 
PPR domains that bind specific RNAs, and in plants these proteins are thought to control 
chloroplast and mitochondrial nucleic acid metabolism.  The svr7 mutant has defects in 
chloroplast rRNA processing that are different from those in other svr mutants, indicating 
that the SVR loci define different steps of this process.  This was confirmed by double mutant 
analyses.  We propose that defects in chloroplast rRNA processing in 004-003 result in an 
impairment in chloroplast translation that alters the functional state of the chloroplast such 
that the threshold of VAR2 activity needed to ensure proper chloroplast biogenesis is 
lowered.  Interestingly, var2 displays a leaf variegation phenotype at 22°C but a chlorosis 
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phenotype at 8°C.  The chlorosis phenotype cannot be suppressed by svr7.  We suggest that 
VAR2 might mediate different activities in chloroplast biogenesis at normal and chilling 
temperatures.   
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INTRODUCTION 
Variegation mutants are powerful tools to gain insight into mechanisms of chloroplast 
biogenesis (reviewed in Rodermel, 2002; Sakamoto, 2003; Yu et al., 2007).  The Arabidopsis 
yellow variegation2 (var2) mutant has green cotyledons but its true leaves are green- and 
white-sectored; sectoring is produced in homozygous recessive plants.  The green sectors 
contain normal-appearing chloroplasts while the white sectors contain abnormal plastids that 
lack pigments and developed lamellar structures (Chen et al., 1999).  Heteroplastidic cells 
that have some normal-appearing chloroplasts are also found in var2 white tissues, indicating 
that var2 acts in a plastid autonomous manner (Chen et al., 1999).  Because the tissues of 
var2 have a uniform genetic constitution, a major question is why some chloroplasts are able 
to bypass the requirement for VAR2 during chloroplast biogenesis.  Why isn’t the mutant all-
white? 
The VAR2 gene (also designated AtFtsH2) encodes an FtsH ATP-dependent 
metalloprotease that is targeted to thylakoid membranes (Chen et al., 2000; Takechi et al., 
2000); the catalytic domain faces the chloroplast stroma (Lindahl et al., 1996; Chen et al., 
2000).  In E. coli and yeast mitochondria FtsH proteins play a central role in protein quality 
control and cellular homeostasis (Ito and Akiyama, 2005; Koppen and Langer, 2007).  The 
best understood function of FtsH in photosynthetic organisms is the degradation of 
photodamaged D1 reaction center proteins during the PSII repair cycle (Lindahl et al., 2000; 
Adam and Clark, 2002; Bailey et al., 2002; Sakamoto et al., 2002; Silva et al., 2003; Nixon et 
al., 2005; Kamata et al., 2005; Zaltsman et al., 2005a,b; Yoshioka et al., 2006; Cheregi et al., 
2007).  Other substrates of chloroplast FtsH include unassembled cytochrome b6f Rieske FeS 
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proteins (Ostersetzer and Adam, 1997) and light harvesting complex II (LHCII) proteins 
(Zelisko et al., 2005).  In cyanobacteria, FtsH acts on a variety of unassembled PSII subunits 
(Komenda et al., 2006).  FtsH might mediate other plastid activities, as well, inasmuch as it 
has been implicated in membrane fusion and/or translocation events (Hugueney et al., 1995) 
and appears to be a component of signal transduction chains that are elicited in response to 
pathogens (Seo et al., 2000), light (Tepperman et al., 2001) and temperature (Chen et al., 
2006).  
Chloroplast FtsH proteins are present in thylakoid membrane oligocomplexes that are 
composed (at a minimum) of two “phylogenetic pairs” of AtFtsH proteins: AtFtsH1 & VAR1 
(AtFtsH5) (designated “type A” subunits) and VAR2 (AtFtsH2) & AtFtsH8 (designated “type 
B” subunits) (Sakamoto et al., 2003; Sinvany-Villalobo et al., 2004; Zaltsman et al., 2005b; 
Yu et al., 2004; 2005).  VAR2 and AtFtsH8 are interchangeable in the complexes, as are 
VAR1 and AtFtsH1, arguing that there is at least a degree of functional redundancy between 
the members of a pair (Yu et al., 2004; Zaltsman et al., 2005b).  However, there is no 
functional redundancy between members of the 2/8 pair and members of the 1/5 pair (Yu et 
al., 2005).   
We have proposed a threshold model to explain the mechanism of var2 variegation 
(Yu et al., 2004; 2005; 2007).  According to this model, chloroplast biogenesis requires a 
threshold of FtsH activity, and the threshold varies from plastid-to- plastid because of 
intrinsic differences in the metabolic profiles of developing plastids (e.g., differing FtsH 
concentrations, substrate concentrations, and reaction rates).  It is proposed that sub-threshold 
activities result in an arrest of chloroplast development and, consequently, white plastids are 
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formed that generate white cells and white sectors in the developing leaf.  Threshold 
activities, on the other hand, result in the formation of chloroplasts and green sectors.  Our 
working hypothesis is that thresholds in var2 are achieved either by FtsH activities per se 
and/or by the activities of factor(s)/process(es) that are able to compensate for a lack of 
VAR2.   
To gain insight into the compensating mechanisms that allow green sector formation 
in var2, we and others have carried out second-site suppressor screens (Park and Rodermel, 
2004; Miura et al., 2007; Yu et al., 2008).  These screens have led to the identification of a 
number of recessive suppressor genes.  These include ClpC2, the gene for a chloroplast 
ClpC/Hsp100 chaperone (Park and Rodermel, 2004); SVR1, which codes for a chloroplast 
pseudouridine synthase (Yu et al., 2008); SVR2, also designated ClpR1 (Koussevitzky et al., 
2006), the gene for a subunit of the chloroplast ClpP/R protease complex (Yu et al., 2008); 
FUG1, which encodes the chloroplast translation factor IF-2 (Miura et al., 2007); and SCO1, 
which codes for the chloroplast translation factor EF-G (Miura et al., 2007).  Interestingly, 
most of these suppressors are involved in the coupled processes of chloroplast rRNA 
processing and translation.  This has given rise to the hypothesis that reductions in 
chloroplast translation are able to compensate for a lack of VAR2 by lowering the threshold 
demand for FtsH in the population of developing chloroplasts.  Another mechanism for 
suppression has recently come to light with the demonstration that ectopic expression of the 
heterotrimeric G protein α-subunit (GPA1) suppresses var2 variegation, perhaps via 
regulating the expression of nuclear genes for FtsH proteins (Zhang et al., 2009).   
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In this report we characterize another var2 suppressor (designated 004-003) and show 
that suppression of variegation in this line is due to downregulated expression of SVR7, 
encoding a chloroplast-localized pentatricopeptide repeat (PPR) protein.  We show that svr7 
mediates defects in chloroplast rRNA processing that are different from those reported for 
svr1 and svr2 (Yu et al., 2008), and that processing proceeds by a hierarchy of events, as 
highlighted by double mutant analyses showing that svr2 is epistatic to svr7, indicating that 
SVR2 acts upstream of SVR7 in this process.  Interestingly, examination of 004-003 revealed 
that there is a unique genetic interaction between svr7 and var2 at chilling temperatures 
(8ºC): at this temperature, var2 displays a pronounced chlorosis in newly-emerging tissues 
that cannot be bypassed by the loss of SVR7 activity.  Taken together, the data presented here 
reinforce our earlier findings of a strong genetic interaction between chloroplast rRNA 
processing/translation and VAR2 function, and raise the intriguing possibility that VAR2 
mediates chloroplast biogenesis via independent processes that act at normal and chilling 
temperatures.   
 
 
RESULTS 
Phenotype of the var2 suppressor line, 004-003 
We have previously reported the isolation of var2 suppressors using ethyl 
methanesulfonate (EMS) mutagenesis (Park and Rodermel, 2004) and T-DNA activation 
tagging (Yu et al., 2008).  One of the suppressors in our collection of activation-tagged 
mutants (designated 004-003) is the topic of this paper.  Backcrosses between 004-003 and 
wild-type Columbia showed that the suppressor gene in 004-003 (designated SUPPRESSOR 
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OF VARIEGATION7 or SVR7) behaves in a recessive manner; the mutant allele in 004-003 
was thus designated svr7-1.  svr7-1 single mutants were isolated in the F2 progeny of the 
backcross using derived cleaved amplified polymorphic sequence (dCAPs) primers (Neff et 
al., 1998) to genotype the VAR2 locus (Park and Rodermel, 2004).  Figure 1A shows that the 
004-003 double mutant (var2-5 svr7-1) resembles the svr7-1 single mutant, and that both are 
smaller and more pale-green than wild-type and var2-5.   
The var2-5 allele is a leaky allele and accumulates VAR2 mRNA and low amounts of 
the mutant protein (Chen et al., 2000).  Its variegation phenotype is less severe than that of 
var2-4, which has a defect in mRNA splicing and approximates the null phenotype (J. Barr, 
A. Manuell and S. Rodermel, unpublished data).  To test whether the suppression of 
variegation in 004-003 is allele-specific, we generated svr7-1 var2-4 double mutants.  Figure 
1B shows that these plants are not variegated and that they resemble 004-003 (var2-5 svr7-1).  
Taken together, the data in Figure 1 indicate that svr7-1 is epistatic to var2 and that 
suppression of var2 variegation by svr7-1 is not allele-specific.  
 
Map-based cloning of SVR7 
Co-segregation analysis indicated that the suppression of variegation phenotype in 
004-003 is not linked to a T-DNA insert, but rather, is due to a recessive mutation at another 
site (data not shown).  Hence, we turned to methods of positional cloning to identify the 
SVR7 locus.  We mapped the gene to an ~76kbp interval between FCA5#3 and FCA6#2 using 
a series of molecular markers that we designed using the Cereon genomics Indel and SNP 
databases (Figure 2; Jander et al., 2002) (all unpublished primers used in this study are 
 50
described in Table S1).  Because proteins that are able to suppress var2 variegation most 
likely reside in plastids, we determined the mutant genomic DNA sequences of nuclear genes 
for chloroplast proteins in the ~76kbp interval.  One of these (At4g16390) was found to 
contain a series of short (1-5bp) deletions and a few point mutations in a localized region of 
the gene.  The At4g16390 gene model contains a single exon and codes for a protein of 702 
amino acids (~78.2 KD), and the mutations would be predicted to generate a premature stop 
codon and a truncated translation product (317 amino acids) lacking important functional 
domains of the protein (described below).  Hence, we tentatively designated At4g16390 as 
SVR7.   
 
Complementation of 004-003 by SVR7 
If suppression of variegation in 004-003 is due to a loss of functional SVR7, it should 
be possible to restore the variegation phenotype by overexpression of SVR7 in 004-003.  To 
test this, the full-length genomic DNA sequence of SVR7 was cloned into a binary T-DNA 
vector under control of the cauliflower mosaic virus (CaMV) 35S promoter, and the construct 
was transformed into 004-003.  As shown in Figure 3A, the transgenic plants (004-003 P35S: 
SVR7) have a variegated phenotype, similar to var2-5.  Figure 3B shows that the 004-003 
P35S: SVR7 plants are indeed transformed: compared to 004-003, the expression of SVR7 
mRNAs is dramatically increased in the 004-003 P35S: SVR7 line (Figure 3B).  Considering 
that svr7-1 is predicted to generate a translation product lacking the C-terminal half of the 
protein, the extremely low levels of SVR7 transcripts in 004-003 suggest that svr7-1 is a 
molecular null, or that it approximates the null phenotype.  We conclude from the data in 
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Figure 3 that disruption of At4g16390 is responsible for suppression of var2 variegation in 
004-003.    
 
SVR7 is a PPR protein with an SMR domain 
Examination of the SVR7 amino acid sequence by InterProScan 
(http://www.ebi.ac.uk/Tools/InterProScan/) revealed that it is a putative P subclass PPR 
(pentatricopeptide repeat) protein (Lurin et al., 2004; Quevillon et al., 2005).  PPR proteins 
contain degenerate PPR motifs (~31-36 amino acids), each of which contains a pair of anti-
parallel α-helices (Small and Peeters, 2000).  PPR motifs are organized as tandem arrays in 
the protein, and they assemble into a superhelical structure that is able to bind RNA with high 
specificity (Delannoy et al., 2007).  PPR proteins have been subdivided into classes that are 
distinguished from one another on the basis of differences in their PPR sequences, as well as 
on the presence of various motifs in their C-termini (Lurin et al., 2004).  The C-terminal 
motifs are thought to define sites for binding of effectors (proteins or DNA) (Lurin et al., 
2004; Delannoy et al., 2007).   
Figure 4A shows that SVR7 contains ten PPR motifs, nine of which occur in a 
tandem array, spanning amino acid residues 176 to 491.  SVR7 also contains an SMR (Small 
MutS Related) domain near its C-terminus.  The SMR domain was first identified in the C-
terminal region of the Synechocystis sp. MutS2 protein (Moreira and Philippe, 1999), and it is 
also present in the E. coli SMR protein (Figure 4A).  It has been suggested that MutS2 is 
involved in inhibition of homologous recombination (Pinto et al., 2005), but the function of 
the E. coli SMR protein is not clear.  The structure of SVR7 is thus consistent with the idea 
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that it might function as an adaptor protein, recruiting an effector molecule via the SMR 
domain (perhaps chloroplast DNA) to a specific RNA, bound to the PPR motifs.  
In Arabidopsis, at least eight proteins have an architecture similar to SVR7, i.e., 
tandem arrays of PPR motifs + SMR domain (Figure 4A).  These include GUN1, which is a 
key regulator of chloroplast-to-nucleus retrograde signaling (Koussevitzky et al., 2007), and 
pTAC2, which co-purifies with plastid transcriptionally active chromosomes (pTACs) (Pfalz 
et al., 2006).  Figure 4B shows that among the eight proteins, SVR7 is most closely related to 
At5g46580 (38% identity), while GUN1 is most similar to pTAC2.   
SVR7 is identical to Arabidopsis P67, which shares high protein sequence homology 
with radish P67 protein (Lahmy et al., 2000).  Radish P67 was originally isolated as a factor 
capable of binding nuclear rRNA sequences but its functions remains unclear (Echeverria and 
Lahmy, 1995; Lahmy et al., 2000). 
 
Chloroplast localization of SVR7 
Radish P67 was initially proposed to reside in the nucleus but subsequent work 
showed that it is located in the chloroplast (Echeverria et al., 1995; Lahmy et al., 2000).  
There are no experimental data regarding the cellular localization of SVR7, but TargetP 
predicts that it has an N-terminal chloroplast transit peptide of 53 amino acids (Emanuelsson 
et al., 2000).  To confirm that SVR7 resides in the chloroplast, a construct was generated in 
which the CaMV 35S promoter was used to drive expression of a transgene containing SVR7 
fused at its C-terminus to GFP (designated P35S:SVR7:GFP).  A construct lacking SVR7 
served as a control (P35S:GFP).  The constructs were transiently expressed in wild type 
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Arabidopsis leaf protoplasts, and confocal microscopy was used to monitor the fluorescence 
signals.  Figures 5A-C reveal that green fluorescence signals are present in the cytoplasm of 
cells transformed with the control construct; they do not merge with the red autofluorescence 
signals from chloroplasts.  By contrast, when P35S:SVR7:GFP is expressed (Figure 5D-F), 
green fluorescence signals are present in discrete foci within chloroplasts (as indicated by 
merging of the red and green fluorescence signals).  These data indicate that SVR7 is a 
plastid protein, and suggest that it is compartmentalized in punctuate structures within the 
organelle.   
 
Disruption of SVR7 results in chloroplast rRNA processing defects 
Chloroplast rRNA genes (23S, 16S, 4.5S and 5S) comprise an operon (rrn operon) in 
the chloroplast genome (Figure 6A).  The maturation of chloroplast rRNAs involves a series 
of endonuclease cleavage and exonuclease trimming events (Bollenbach et al., 2005).  Casual 
inspection of an ethidium bromide-stained denaturing gel of RNAs from 004-003 (as in 
Figure 3B) reveals that the stoichiometry of rRNA bands is disrupted in this line.  To 
examine this question in greater detail, RNA gel blot analyses were performed on RNAs from 
004-003 and svr7-1 using rRNA gene-specific probes (Figure 6B).  Blots of total leaf 
Arabidopsis RNAs probed with 23S rDNA contain seven readily-detectable bands (WT lane, 
Figure 6B): the 3.2kb band is the 23S-4.5S dicistronic precursor; the 2.9kb, 2.4kb, and 1.7kb 
bands are processing intermediates; and the 1.2kb, 1.0kb, and 0.5kb bands are the mature 
forms of 23S rRNA (Bollenbach et al., 2005; Yu et al., 2008).  Figure 6B shows that var2-5 
has a similar banding pattern, but that in 004-003 and svr7-1 the levels of the 2.9kb and 2.4kb 
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rRNAs are significantly increased and the levels of the 1.7 kb, 1.2kb and 1.0kb rRNAs are 
significantly decreased.  The metabolism of chloroplast 16S rRNA and 4.5S rRNA is also 
perturbed in 004-003 and svr7-1 inasmuch as the 16S rRNA precursor and the 23-4.5S 
discistronic precursor accumulate in these lines (Figure 6B).  Figure 6C shows that the 
banding pattern of chloroplast 23S rRNA is normalized in the 004-003 complementation line 
(004-003 P35S:SVR7), indicating that the defect in chloroplast rRNA processing in 004-003 
is due, either directly or indirectly, to a lack of SVR7.  
One question that arises is whether the specific defects in chloroplast rRNA 
processing in svr7-1 are unique to svr7-1.  To address this question we examined 23S rRNA 
accumulation patterns in four suppressor mutants: svr1-1, svr7-1, svr3-1 and svr8-1.  Figure 
6D shows that 23S rRNA processing is defective in the four lines, but that the 23S rRNA 
accumulation patterns are different in each of the lines.  This indicates that the rRNA 
processing defects mediated by svr7 are unlikely a generalized secondary effect of impaired 
chloroplast function.  Rather, different steps governing chloroplast rRNA processing appear 
to be disturbed in each of the mutants.   
 
Chilling sensitivity of var2 
Chloroplast rRNA processing and translation are coupled events, and the analysis of 
various var2 suppressor lines has indicated that there is a genetic interaction between VAR2 
function and these processes (Miura et al., 2007; Yu et al., 2008).  An important aspect of 
chloroplast translation is its importance under chilling temperatures (e.g., Tokuhisa et al., 
1998; Rogalski et al., 2008).  Therefore we felt it might be instructive to examine the 
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responses of var2, svr7-1 and the 004-003 double mutant to chilling stress.  For these 
experiments we grew the plants at 22°C for three weeks, then transferred them to 8°C for 
another four weeks.  At both temperatures, plants were grown under continuous light 
(100µmol·m-2s-1).  Figure 7 shows that leaves which develop under chilling stress are green in 
wild type plants, but uniformly chlorotic in var2-5.  The same is true of the severe allele, 
var2-4.  These data indicate that var2 has a dual phenotype -- variegation at normal growth 
temperatures and a chilling-induced chlorosis.   
We also examined the response of var1 to chilling.  Figure 7B shows that the basal 
parts of var1 leaves that develop at 8°C are yellow, but as the leaf continues to grow, the tips 
of the leaves eventually turn green.  This suggests that chloroplast biogenesis is delayed in 
var1 at 8°C.  The less severe phenotype of var1 (versus var2) at 8°C is in agreement with the 
lower abundance of VAR1 versus VAR2 in FtsH complexes and with the relatively weak 
phenotype of var1 versus var2 under normal growth conditions (Sakamoto et al., 2002). 
We next tested the response of svr7-1 and 004-003 (var2-5 svr7-1) to chilling stress 
(Figure 7C): at 8°C, the 004-003 plants have chlorotic leaf tissues, while the svr7-1 plants 
have all-green leaves.  As mentioned earlier, 004-003 and svr7-1 have similar phenotypes at 
22°C, suggesting that at this temperature svr7-1 is epistatic to var2 and that a loss of SVR7 
bypasses the requirement for VAR2 during chloroplast biogenesis.  However, this is 
conditional inasmuch as svr7 does not suppress the chilling-induced chlorosis phenotype of 
var2 at 8°C.  Consistent with the observed phenotypes, we also see a drastic change in the 
chloroplast rRNA accumulation pattern in the cold-developed tissues in that the overall levels 
of 23S and 16S rRNAs are much reduced in var2-5 and 004-003 yellow tissues and their 
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precursor forms accumulate at higher levels (Figure 7D).  Considered together, these data 
suggest that VAR2 might mediate chloroplast biogenesis via independent processes that act 
at normal and chilling temperatures, and that SVR7 acts upstream of VAR2 at normal growth 
temperatures.   
 
Genetic interactions between svr7 and svr2 
We have previously reported that svr1 and svr2 have chloroplast rRNA processing 
defects (Yu et al., 2008).  As a first step to understand how the SVR proteins are involved in 
chloroplast rRNA processing, we examined genetic interactions between SVR2 and SVR7 by 
characterizing svr2 svr7 double mutants.  SVR2 is a subunit of the chloroplast ClpP/R 
protease, which has been proposed to be responsible for general plastid protein turnover 
(Adam and Clarke 2002; Adam et al., 2006).  The double mutants were identified using a 
PCR-based assay (Figure 8B).  The svr7-1 allele contains a 10bp deletion (Figure 2), and thus 
a high-concentration agarose gel can be used to resolve PCR products from DNAs that either 
contain the deletion (svr7-1) or lack it (SVR7).  As previously reported, the svr2-1 allele is 
interrupted by a complex T-DNA insertion (Yu et al., 2008), so if a plant is homozygous for 
the svr2-1 allele the genomic fragment bearing the T-DNA insert will fail to be amplified by 
PCR.   
 Figure 8A shows that svr2-1 svr7-1 and svr2-1 plants have similar growth 
characteristics and morphologies, and that these differ markedly from svr7-1.  The same is 
true of chloroplast 23S rRNA profiles (Figure 8C).  These data indicate that svr2 is epistatic 
to svr7, which suggests that SVR2 and SVR7 function in the same process or pathway of 
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chloroplast rRNA processing, and that SVR2 is involved in a more upstream event than 
SVR7.   
 
DISCUSSION 
Function of SVR7 
Our analyses have shown that loss of SVR7 is not essential for chloroplast 
development.  However, loss of SVR7 is able to suppress var2-mediated defects in 
chloroplast biogenesis in a temperature-dependent manner.  To gain insight into these 
observations, perhaps the first question concerns the molecular function of SVR7, which our 
sequence analyses revealed to be a P-type PPR protein.  PPR proteins appear to be central 
regulators of RNA metabolism in organelles, although very few RNA ligands have been 
identified (Lurin et al., 2004).  Because PPR proteins do not have known catalytic sites, it has 
been suggested that they act as adaptors that facilitate interaction between an effector 
molecule and a specific RNA substrate (Delannoy et al., 2007).  The amino acid sequence of 
SVR7 is consistent with this idea since it contains PPR motifs for RNA-binding and a C-
terminal SMR domain for effector binding.  
The SMR domains of the human B3BP/Nedd4-binding protein 2 and of the 
eubacterial Thermus thermophilus MutS2 are able to bind DNA, and they have nicking and 
endo-nuclease activities (Diercks et al., 2008; Fukui et al., 2007).  In Arabidopsis, at least 
eight PPR proteins have SMR domains in their C-termini (Figure 4A).  Two of these, pTAC2 
and GUN1, have been partially characterized.  pTAC2 is a component of plastid 
transcriptionally active chomosomes (pTACs) that have been isolated from Arabidopsis and 
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mustard (Pfalz et al., 2006).  GUN1, on the other hand, has been proposed to be a central 
integrator of plastid-to-nucleus retrograde signaling pathways and coordinates a variety of 
signals in the plastid that inform the nucleus-cytoplasm about the metabolic and 
developmental state of the organelle (Susek et al., 1993; Koussevitzky et al., 2007).  Because 
GUN1 co-localizes with pTAC2 in discrete foci within chloroplasts, it has been suggested 
that GUN1, like pTAC2, is associated with sites of transcriptionally active plastid 
chromosomes (Koussevitzky et al., 2007).  Consistent with this idea, the SMR domain of 
GUN1 is able to bind DNA (Koussevitzky et al., 2007).   
 Although the presence of an SMR domain suggests that SVR7 binds DNA, it is 
possible that SVR7 binds only RNA, or that it acts as an adaptor between RNA and an 
effector protein.  This possibility is supported by studies of the “P67” protein of radish 
(Echeverria and Lahmy, 1995; Lahmy et al., 2000), which shares high homology with SVR7.  
P67 was initially identified in radish extracts as a nuclear protein with in vitro binding 
activity to a fragment of nuclear pre-rRNA, designated rBP (Echeverria and Lahmy, 1995).  
However, P67 was found to reside in the plastid rather than the nucleus-cytoplasm, 
suggesting that rBP is not the physiological binding partner of P67 (Lahmy et al., 2000).  
Because rBP does not share homology to any chloroplast RNA species, Lahmy et al. (2000) 
proposed that the interaction between P67 and its RNA binding partner might be directed by 
the secondary or tertiary structure of the RNA fragment.    
 Also consistent with the idea that SVR7 is involved in plastid RNA metabolism is the 
observation that chloroplast rRNA processing is impaired in svr7-1 (Figure 6).  These defects 
are not due to a general impairment of chloroplast function since different suppressor lines 
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have different chloroplast rRNA accumulation profiles.  The fact that a high proportion of the 
svr lines isolated to date are defective in chloroplast rRNA processing indicates that 
characterization of var2 suppressors is a powerful and facile tool to identify factors that are 
involved in this poorly understood process.  This is underscored by the fact that very few 
proteins have been identified with a defined role in chloroplast rRNA processing.  These 
include one endoribonuclease, CSP41, which is involved in 23S rRNA processing (Yang et 
al., 1996; Yang et al., 1997; Beligni and Mayfield, 2008) and two 3’-5’ exoribonucleases, 
PNPase and RNR1 (Walter et al., 2002; Kishine et al., 2004; Bollenbach et al., 2005; Sauret-
Güeto et al., 2006).   
 
Model of suppression of variegation by svr7 
 We have proposed that a threshold of VAR2 activity is required early in chloroplast 
biogenesis in the developing leaf, and that plastids respond differently to a lack of VAR2, 
depending on such factors as substrate availability and the presence of compensating factors 
(Yu et al., 2004, 2007).   
As was the case for svr1 and svr2 (Yu et al., 2008), svr7 is able to suppress 
variegation in both var2-5 and the null allele, var2-4.  Therefore suppression is not likely the 
consequence of a direct interaction between SVR7 and VAR2.  Rather, we propose that loss 
of SVR7 changes the functional state of the chloroplast in such a manner that the threshold of 
VAR2 activity needed to ensure proper chloroplast biogenesis is lowered.  Evidence for how 
this might occur is provided by several var2 suppressors that have pointed to a fundamental 
linkage between suppression of variegation and an impairment in chloroplast rRNA 
 60
processing and/or chloroplast translation (Park and Rodermel, 2004; Miura et al., 2007; Yu et 
al., 2008).  In the case of svr1 and svr2, suppression of variegation has been correlated with a 
phenotypic syndrome that includes defects in chloroplast rRNA processing, chloroplast 
translation and reduced chloroplast protein accumulation (Yu et al., 2008).  It is likely that 
svr7, as well as a number of other svr lines that include svr3 and svr8 (Figure 6), also have 
this syndrome, since they have pronounced defects in chloroplast rRNA processing (Figure 
6); rRNA processing, ribosome assembly and translation are coupled events in chloroplasts, 
and defects in one are accompanied by defects in the others (e.g., Shen and Bremer, 1977; 
Keus et al., 1984; Barkan, 1993; Leal-Klevezas et al., 2000; Walter et al., 2002; Bellaoui et 
al., 2003; Williams and Barkan, 2003; Bollenbach et al., 2005; Sauret-Güeto et al., 2006; 
Schmitz-Linneweber et al., 2006; Watkins et al., 2007; Yu et al., 2008).  The linkage between 
chloroplast rRNA processing/translation and suppression of variegation is highlighted by the 
observation that variegation is suppressed in var2 seedlings that are grown in the presence of 
inhibitors of chloroplast translation, such as chloramphenicol and spectinomycin (Yu et al., 
2008).   
What is the relationship between VAR2 and chloroplast rRNA processing/ 
translation?  One possibility is that the interaction is a direct one, such as found in yeast 
mitochondria where the inner membrane m-AAA complex directly regulates mitochondrial 
translation (Nolden et al., 2005).  VAR2 might also exert its effect on translation in a more 
indirect manner, e.g., by influencing the activities of proteins that are involved in rRNA 
processing, ribosome assembly or translation.  Because FtsH proteins act as 
protease/chaperones and are important in protein quality control (reviewed in Adam and 
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Clarke, 2002; Sakamoto et al., 2006; Koppen and Langer, 2007), it is also possible that 
translation is influenced by VAR2 control of protein translocation across the membrane, as 
found with the i-AAA (Yme1) FtsH homolog in yeast mitochondria (Rainey et al., 2006), or 
that a lack of VAR2 results in an accumulation of misfolded polypeptides and protein 
aggregates, with deleterious effects on organelle development.  Such effects are thought to 
explain mitochondrial abnormalities in mutants of human and yeast that lack mitochondrial 
FtsH proteins (Nolden et al., 2005).  It is thus possible that suppressors such as svr1, 2 and 7 
reduce this load by decreasing the amount of protein produced, thus lowering the threshold of 
VAR2 activity required for normal chloroplast biogenesis.  Another hypothesis is that 
decreased chloroplast protein synthesis in the suppressors causes a reduction in 
photosynthetic protein accumulation, which, in turn, decreases ROS production at PSII and 
hence the amount of VAR2 needed for D1 turnover and photoprotection.   
Other mechanisms of var2 suppression based on an impairment of chloroplast 
translation have been discussed in detail in the context of the mechanism of var2 suppression 
by svr1 and svr2 (Yu et al., 2008).  These mechanisms will not be recapitulated here but, in 
brief, proceed from the premise that translation affects the duration of the chloroplast 
biogenesis process; the propagation of a retrograde (plastid-to-nucleus) signal; or the 
synthesis of a chloroplast DNA-encoded substrate of VAR2 that regulates chloroplast 
development.   
 
VAR2 mediates chloroplast biogenesis in a temperature-dependent manner  
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 One of the central findings of this paper is that var2 displays a leaf variegation 
phenotype at 22°C but a chlorosis phenotype at 8°C (Figure 7).  var1 has similar temperature-
dependent phenotypes (Figure 7).  These observations suggest that FtsH mediates at least two 
events during chloroplast biogenesis – one that occurs at normal growth temperatures and one 
that occurs at chilling temperatures.   
Chilling-induced chlorosis is a frequent symptom of chilling injury and can be caused 
by different mechanisms (Tokuhisa et al., 1998).  While it might be premature to speculate on 
the role of VAR2 in chloroplast development at low temperature, it is interesting that 
chilling-induced chlorosis has frequently been associated with a loss of chloroplast 
translation.  For example, early studies showed that several maize mutants that display 
chilling-induced chlorosis, including M-11 (Millerd et al., 1969), hcf7 (Barkan, 1993) and 
v16 (Hopkins and Elfman, 1984), have defects in chloroplast ribosome accumulation and/or 
translation that are more pronounced at low temperature.  A chilling-sensitive Arabidopsis 
mutant (chs1) has reduced chloroplast protein accumulation at low temperatures (Schneider 
et al., 1995), and chilling-induced chlorosis of the Arabidopsis paleface (pfc) mutant, which 
defines the gene for a homolog of the yeast 18S rRNA methylase (DIM1), is caused by a 
chilling-sensitive step in chloroplast rRNA processing that inhibits ribosome assembly 
(Tokuhisa et al., 1998).  More recently, it has been demonstrated that a tobacco 
transplastomic line that is devoid of chloroplast ribosomal protein L33 is sensitive to cold 
stress (Rogalski et al., 2008).   
In addition to chilling-induced affects on chloroplast translation, it has been known 
for some time that chilling stress results in a decrease in the de novo synthesis and 
 63
degradation of D1 (Salonen et al., 1998) --  another process that involves VAR2 activity.  
This decrease has recently been correlated with ribosome pausing and a delayed translation 
elongation of psbA mRNAs that results in decreased D1 synthesis (Grennan and Ort, 2007).   
Given that VAR2 is associated with chloroplast translation and D1 turnover, it is 
tempting to speculate that a loss of VAR2 accentuates a cold-induced impairment in one of 
these processes.  This has yet to be tested, but our data clearly show that VAR2 plays 
essential roles in chloroplast biogenesis at normal and chilling temperatures (Figure 9).  This 
conclusion is consistent with the suggestion that FtsH plays an important role in chloroplast 
biogenesis beyond its extensively-studied role in D1 turnover (Chen et al., 2000; Zaltsman et 
al., 2005a).  We have summarized the observations in this paper in a working model (Figure 
9).  For simplicity, the model assumes that VAR2 affects a single process (X) at a normal 
growth temperature and a single process (Y) at chilling temperatures.  Loss of VAR2 in the 
first process would cause a variegation phenotype while its loss in the second process would 
cause a chlorosis phenotype.  We further hypothesize that the need for VAR2 in process X 
can be bypassed when the function of SVR7 is compromised, as shown by the suppressor 
analyses.  Because the chlorotic phenotype of var2 at low temperature cannot be suppressed 
by svr7, we presume that SVR7 interacts with VAR2 at normal temperatures.  We further 
assume that it acts upstream of VAR2, since svr7 is epistatic to var2 (Figures 1 and 3).  
Finally, the fact that svr2 is epistatic to both svr7 and var2 with respect to plant morphology 
and rRNA processing phenotypes (Figure 8 and Yu et al., 2008) indicates that SVR2 and 
SVR7 function in the same process or pathway of chloroplast rRNA processing, and that 
SVR2 is involved in a more upstream process than SVR7.   
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It is not clear how SVR2, SVR7 and VAR2 are involved in chloroplast rRNA 
processing, but our data underscore the notion that this is an intricately regulated process that 
involves more factors than previously thought.  Future functional analyses of SVR7 and the 
characterization of more svr single and double mutants impaired in rRNA processing will 
provide further insight into the regulation of this process.   
 
MATERIALS AND METHODS 
Plant material and growth conditions 
 All Arabidopsis thaliana mutants used in this study are in the Columbia ecotype 
background.  Plants were grown at either 8ºC or 22ºC under continuous illumination with a 
light intensity of ~100µmol·m-2s-1.  The svr1-1 single mutant (derived from the TAG-FN 
suppressor line) has been described (Yu et al., 2008).  Other single mutants used in the 
present study include svr7-1, svr3-1, svr8-1, which were derived from the suppressors lines 
004-003 (this work), TAG-11 and 023-005, respectively (F. Yu, X. Liu and S. Rodermel, 
unpublished data).   
 
Positional cloning 
 Procedures for positional cloning have been described previously (Park and 
Rodermel, 2004).  In brief, an F2 mapping population was generated by crossing svr7-1 with 
Landsberg erecta.  Bulked segregant analysis (Lukowitz et al., 2000) was then performed 
using a pool of DNAs from 96 F2 plants having an svr7-1 phenotype, and the mutant gene 
was mapped between SSLP markers ciw6 and ciw7 on chromosome IV (Bell and Ecker, 
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1994).  The gene was fine-mapped using markers that were designed based on Indel or SNP 
polymorphisms between Landsberg erecta and Columbia ecotypes (Jander et al., 2002; Table 
S1).  A total of 665 F2 plants (1330 chromosomes) were used in fine-mapping the suppressor 
gene.   
 
Complementation of 004-003 
 A genomic DNA fragment encompassing the full-length At4g16390 (SVR7) sequence 
was amplified by pfu Turbo DNA polymerase (Stratagene) using primers 16390F and 
16390R, and the amplified fragment was cloned into the BamHI site of pBluescripte KS+.  
Following verification of the SVR7 sequence, the BamHI fragment was sub-cloned into a 
modified pBI121 vector (Yu et al., 2004), and the resulting construct was transformed into 
Agrobacterium by electroporation.  The floral dip method was then used to transform 004-
003 plants (Clough and Bent, 1998), and after transformation, T1 seeds were collected and 
grown on plates containing 1 x MS salts, 1% sucrose, 0.8% agar, pH 5.7 supplemented with 
kanamycin (50mg/L).  The phenotype of the complementation lines was confirmed in the T2 
generation.   
 
Confocal microscopy of SVR7 expression 
 A construct was made containing the full-length SVR7 gene fused at its C-terminus to 
the open reading frame of eGFP in the vector pTF486 (Yu et al., 2008).  Genes are driven by 
the CaMV 35S promoter in this construct.  Primers 16390F and 16390GFPR were used to 
amplify the SVR7 sequence using pfu turbo DNA polymerase (Stratagene).  The PCR product 
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was digested with BamHI and NcoI and cloned in-frame into pTF486.  The resulting 
construct (designated P35S:SVR7:GFP) was sequenced to verify that the open reading frame 
of eGFP was correctly fused to the 3’ end of SVR7.  A control construct lacked the SVR7 
sequence (construct is designated P35S:GFP).  Methods for transient expression of wild-type 
Arabidopsis leaf protoplasts have been described (Yoo et al. 2007; Yu et al., 2008).  Confocal 
microscopy (Leica TCS NT) with a FITC-TRITC filter combination was used to capture 
fluorescence signals of GFP and chlorophyll autofluorescence. 
 
DNA and RNA Manipulations 
 Leaf DNAs were isolated using the CTAB method as described in Wetzel et al. 
(1994).  Total leaf RNAs were purified using the Trizol RNA reagent (Invitrogen).  Radio-
labeled probes were generated according to Yu et al. (2008).  Northern blot analysis was 
performed as described in Wetzel et al. (1994). 
 
Generation of svr2 svr7 double mutants 
 The svr7-1 single mutant was crossed with svr2-1 (Yu et al., 2008), and genomic 
DNAs were isolated from the F2 progeny.  The genotype of the F2 plants at these two loci 
was determined by a PCR-based assay: PCR with primers 004-003F and 004-003R was used 
to determine the genotype of the SVR7 locus, whereas PCR with primers 49970F2 and 
49970R2 was used to determine the genotype at the SVR2 locus (Yu et al., 2008). 
 
FIGURE LEGENDS 
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Figure 1.  Phenotypes of double and single suppressor mutants.  
(A) Representative 3-week old wild type, var2-5, 004-003 (var2-5 svr7-1) and svr7-1 single 
mutant plants.  
(B) Representative 3-week old wild type, var2-4, svr7-1 and svr7-1 var2-4 double mutant 
plants. 
 
Figure 2.  Map-based cloning of SVR7.  
SVR7 was mapped by positional cloning as described in Materials and Methods.  The gene 
was fine-mapped between FCA5#3 and FCA6#2 using markers described in Table S1 
(indicated by vertical lines).  The number of recombinants is shown under each marker; 665 
F2 plants (1330 chromosomes) were examined.  Genomic sequencing of candidate genes 
between FCA5#3 and FCA6#2 led to the identification of SVR7 (At4g16390).  The position 
of SVR7 is indicated by a *.  There is a single exon in the SVR7/At4g16390 gene model 
(indicated by the box).  The gray part of the box in the gene model represents the 5’ and 3’ 
UTR regions.  The deletions (1-5bp) in svr7-1 are shown in dashed lines and the point 
mutations are indicated in bold. 
 
Figure 3.  Complementation of 004-003. 
(A) Representative 3-week old wild type, var2-5, 004-003 and 004-003 P35S: SVR7 plants.  
(B) RNA gel blot analysis of SVR7 mRNAs in wild-type, var2-5, 004-003 and 004-003 
P35S: SVR7.  Equal amounts of RNA (3 µg) extracted from 3-week old seedlings were 
loaded onto each lane of a formaldehyde gel and transferred to a nylon membrane.  The RNA 
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gel blot was probed with 32P-labeled SVR7 cDNAs.  The ethidium bromide-stained RNA gel 
is shown as a loading control. 
 
Figure 4.  Protein sequence analysis of SVR7. 
(A) Eight Arabidopsis PPR proteins have an architecture similar to SVR7. 
Full length Synechocystis sp. MutS2 (P73625) and E. coli SMR (P0A8B2) protein sequences 
were obtained from the UniProt protein database (www.uniprot.org).  Protein sequences of 
Arabidopsis genes were obtained from TAIR (arabidopsis.org).  InterProScan 
(www.ebi.ac.uk/Tools/InterProScan/) (Quevillon et al., 2005) was used to identify conserved 
domains. 
(B) Phylogenetic relatedness of Arabidopsis PPR proteins containing an Smr domain. 
Full length protein sequences were obtained as in (A).  The phylogenetic tree was constructed 
using MEGA4 software (Tamura et al., 2007).   
 
Figure 5.  Chloroplast localization of SVR7. 
Arabidopsis leaf protoplasts were isolated from wild-type plants and transiently transformed 
with a control vector P35S:GFP ([A] to [C])or with a 35S:SVR7:GFP vector ([D] to [F]).  
Green fluorescence signals ([A] and [D]) and chlorophyll autofluorescence signals ([B] and 
[E]) were monitored by confocal microscopy.  Merged images of (A) & (B) and of (D) & (E) 
are shown in (C) & (F), respectively.  A representative image of a single protoplast is shown 
in each panel. 
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Figure 6.  Chloroplast rRNA processing defects in var2 suppressor lines. 
(A) Structure of chloroplast rrn operon in Arabidopsis.  Bold solid lines under each rRNA 
gene represent the probes used for the RNA gel blot analyses in (B), (C) and (D).  Equal 
amounts of RNA (2 µg) extracted from 3-week old seedlings were loaded.  
(B) Accumulation of chloroplast 23S, 16S, and 4.5S rRNAs in wild-type, var2-5, 004-003 
and svr7-1.     
(C) Accumulation of 23S rRNAs in wild-type, var2-5, 004-003 and 004-003 P35S:SVR7 (the 
004-003 complementation line, see Figure 3). 
(D) Accumulation of 23S rRNAs in wild type and four var2 suppressor lines (svr1-1, svr7-1, 
svr3-1 and svr8-1).  SVR1 codes for a chloroplast pseudouridine synthase (Yu et al., 2008), 
while molecular characterization of svr3-1 and svr8-1 has not yet been reported (F. Yu, X. 
Liu and S. Rodermel, unpublished data).   
 
Figure 7.  Chilling-induced chlorosis in var2. 
Plants were grown at 22ºC for three weeks and then transferred to 8ºC for another four weeks 
before photographing.  At both temperatures, plants were grown under continuous light (100 
µmol·m-2·s-1).  
(A) Phenotype of representative wild type, var2-5 and var2-4. 
(B) Phenotype of representative wild type and var1-1. 
(C) Phenotype of representative wild type, var2-5, 004-003, and svr7-1. 
(D) RNA gel blot analysis of chloroplast 23S rRNA and 16S rRNA accumulation in the 
plants in (C).  Equal amounts of RNA (2 µg) were loaded.   
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Figure 8.  Genetic interaction between svr7 and svr2. 
(A) Phenotypes of representative 3-week old wild-type, svr7-1, svr2-1 and svr7-1 svr2-1 
plants growing under normal conditions.   
(B) Verification of the genotype of plants in (A).  Top panel: the genotype of the SVR7 locus 
was determined by PCR using primers 004-003F and 004-003R; these flank the region of the 
gene containing the deletions in svr7-1.  The svr7-1 allele is the bottom band and the SVR7 
allele is the top band.  Bottom panel: the genotype of the SVR2 locus was determined by PCR 
using primers 49970F2 and 49970R2. The absence of a band indicates the svr2-1 allele (Yu 
et al., 2008).   
(C) RNA gel blot analysis of chloroplast 23S rRNA accumulation in the plants in (A).  Equal 
amounts of RNA (2 µg) extracted from 3-week old seedlings were loaded.   
 
Figure 9.  Genetic model of VAR2-mediated chloroplast biogenesis. 
The model shows the genetic interactions between VAR2, SVR7 & SVR2 and their 
involvement in chloroplast biogenesis at chilling (8ºC) and normal (22ºC) temperatures.  See 
text for details.   
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CHAPTER III. A var2 SUPPRESSOR GENE, SVR3, IS REQUIRED FOR 
CHLOROPLAST BIOGENESIS AT LOW TEMPERATURE 
 
A paper to be submitted to the Journal of Plant Physiology 
Xiayan Liu, Fei Yu, Steve Rodermel 
 
Abstract 
 The Arabidopsis var2 mutant displays a unique green and white/yellow leaf 
variegation phenotype and is defective in VAR2, a chloroplast FtsH metalloprotease.  We are 
carrying out second-site var2 genetic suppressor screening as a means to better understand 
VAR2 functions and to study the regulation of chloroplast biogenesis.  In this report, we 
show that the suppression of var2 variegation in suppressor line TAG-11 is due to disruption 
of the SVR3 gene.  SVR3 encodes a putative TypA-like translation elongation factor that is 
likely targeted into the chloroplast.  The svr3 single mutant displays a modest pale green leaf 
phenotype at 22°C.  Consistent with this phenotype, most chloroplast proteins and rRNA 
species we examined accumulate to relatively normal levels in svr3 except photosystem II 
reaction center D1 protein, which is present at greatly reduced levels.  When svr3 mutant 
plants are challenged with chilling temperature (8°C), they develop a pronounced chlorosis 
that is accompanied by abnormal chloroplast rRNA processing.  Double mutant analysis 
indicates a possible synergistic interaction between svr3 and svr7, which is defective in a 
chloroplast pentatricopeptide repeat (PPR) protein.  Our findings, on one hand, reinforce 
previous reports that a strong genetic link exists between VAR2 and chloroplast translation, 
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and on the other hand, point to a critical role of SVR3, and possibly some aspects of 
chloroplast translation, in the response of plants to chilling stress. 
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Introduction 
 The photosynthetic apparatus of photosynthetic eukaryotic cells is the products of two 
genetic systems, the nuclear genome and the plastid genome.  Nuclear-encoded chloroplast 
proteins usually have an N-terminal targeting sequence and are translated on cytoplasmic 80S 
ribosomes as precursors; import into the organelle is accompanied by removal of the “transit” 
peptide to generate the mature protein (reviewed in Goldschmidt-Clermont 1998).  The 
chloroplast genome, on the other hand, has many prokaryotic-like features - a reflection of 
the endosymbiotic origin of these organelles (Bogorad, 2008). Chloroplast DNA-encoded 
proteins are translated on prokaryote-like 70S ribosomes, usually in their mature form, then 
assemble with their nuclear-encoded counterparts to form a given multisubunit complex.  The 
coordination and integration of the expression of nuclear and plastid genes involves both 
anterograde (nucleus-to-plastid) and retrograde (plastid-to-nucleus) regulatory signals that are 
elicited in response to endogenous cues, such as developmental signals, and exogenous cues, 
such as light (Rodermel et al., 1988; 2001; Nott et al., 2006). 
 Variegation mutants are ideal models for studying the mechanisms of chloroplast 
biogenesis.  The Arabidopsis variegation2 (var2) mutant displays green and white/yellow 
patches in normally green organs.  The green sectors contain morphologically normal 
chloroplasts while the white sectors contain abnormal plastids that lack chlorophyll and 
contain underdeveloped lamellar structures (Chen et al., 1999).  The variegation phenotype in 
var2 is a recessive trait and is caused by the loss of a nuclear gene product for an FtsH ATP-
dependent metalloprotease homolog that is targeted to the chloroplast thylakoid membranes 
(Chen et al., 2000; Takechi et al., 2000).  If VAR2 is required for chloroplast biogenesis, as 
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evident by the formation of white sectors in var2, an intriguing question is how could some 
mutant cells, which share the var2 mutant background, bypass the lack of VAR2 and form 
functional chloroplasts?  
 The function of FtsH-like proteases is best understood in Escherichia coli and yeast 
mitochondria where they play a central role in protein quality control and cellular 
homeostasis (Ito and Akiyama, 2005; Koppen and Langer, 2007).  In photosynthetic 
organisms, FtsH has been demonstrated to play a role in photosystem II reaction center D1 
protein turnover (Lindahl et al., 2000; Adam and Clark, 2002; Bailey et al., 2002; Sakamoto 
et al., 2002; Silva et al., 2003; Nixon et al., 2005; Kamata et al., 2005; Zaltsman et al., 
2005a,b; Yoshioka et al., 2006; Cheregi et al., 2007).  Other FtsH substrates include 
unassembled cytochrome b6f Rieske FeS proteins (Ostersetzer and Adam, 1997) and light 
harvesting complexes (Zelisko et al., 2005) in chloroplasts and unassembled PSII subunits in 
cyanobacteria (Komenda et al., 2006).  FtsH proteins have also been implicated in membrane 
fusion and/or translocation events (Hugueney et al., 1995), N-gene mediated hypersensitive 
response to pathogen attack (Seo et al., 2000) and heat stress torlerance (Chen et al., 2006).  
A genome-wide transcriptomic study has also found that FtsH might be involved light signal 
transduction pathways (Tepperman et al., 2001). 
 A threshold model has been proposed to explain the mechanism of variegation in 
var2 (Yu et al., 2004).  In this model, there is not a fixed level of FtsH activity required for 
chloroplast function, but rather a level that fluctuates according to different micro-
physiological conditions of each individual developing plastid since leaf cells in var2 are 
heteroplastidic, i.e. each plastid acts in an autonomous manner (Chen et al., 1999).  In wild-
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type, it is hypothesized that above-threshold levels of FtsH activity exist, which enables 
proper chloroplast development to occur.  In var2 mutants, with AtFtsH8 providing residual 
activity to form FtsH complexes, a sub-wild-type, but above-threshold of FtsH activity 
enables the formation of green sectors whereas a sub-threshold level of FtsH activity leads to 
the arrest of chloroplast development and in turn to the formation of white sectors (Yu et al., 
2004). 
 To further dissect VAR2 function and identify the processes that ensure normal 
chloroplast biogenesis in the absence of VAR2, we and others have carried out genetic 
screens for second-site var2 suppressors (Park and Rodermel, 2004; Miura et al., 2007). To 
date, a number of recessive (Park and Rodermel, 2004; Miura et al., 2007; Yu et al., 2008; X. 
Liu, F. Yu and Rodermel unpublished data) and one dominant var2 suppressor mutants 
(Zhang et al., 2009) have been characterized.  Theses findings have led to the establishment 
of a strong connection between VAR2 and chloroplast translation/rRNA processing, since the 
majority of the recessive suppressor mutants cloned so far have chloroplast rRNA processing 
defects and appear to be involved in chloroplast translation directly or indirectly (Miura et al., 
2007; Yu et al., 2008; X. Liu, F. Yu and Rodermel unpublished data).  Furthermore, it is 
worth noting that distinct accumulation patterns of chloroplast 23S rRNA have been observed 
in different suppressor lines, suggesting that rRNA processing defects are unlikely a 
secondary effect due to a generally perturbed chloroplast function, but rather a specific 
consequence of the disruption of specific regulatory steps governing this process (X. Liu, F. 
Yu and Rodermel, unpublished data).   
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 In this study, we report the cloning and characterization of another var2 suppressor 
line (designated TAG-11).  We show that suppression of var2 in this line is caused by 
disruption of SVR3, a gene that encodes a chloroplast homolog of the Escherichia coli TypA 
translation elongation factor.  TypA is a member of the translation elongation factor 
superfamily of GTPase (Margus et al., 2007).  We show that svr3 mutants and TAG-11 have 
minor chloroplast rRNA processing defects and a moderate reduction of chloroplast protein 
accumulation except for the photosystem II D1 protein, whose levels are drastically reduced.  
Interestingly, svr3 has a chilling sensitive phenotype: at 22ºC it is very similar to wild-type 
morphologically; but at 8ºC, it displays a severe chlorosis phenotype, accompanied by a 
significant reduction of chloroplast rRNA accumulation and by an abnormal processing of 
23S rRNAs.  This suggests that SVR3 is involved in proper chloroplast rRNA processing 
and/or translation at low temperature.  Taken together, the data presented here strengthen the 
link between VAR2 function and chloroplast translation.  Furthermore, characterizing the 
chilling intolerance phenotype of svr3 provides more insight into the involvement of higher 
plant chloroplasts in the response of plants to chilling stress.  
 
RESULTS 
Phenotype of a var2 suppressor line, TAG-11 
 Previously, we have identified var2 suppressors via ethyl methanesulfonate (EMS) 
mutagenesis (Park and Rodermel, 2004) and T-DNA activation tagging (Yu et al., 2008).  In 
this report, we describe a var2 suppressor (designated TAG-11) isolated in our T-DNA 
activation-tagged mutant pools.  Analysis of the F2 and F3 progeny from the cross between 
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TAG-11 (generated in var2-5 background) and var2-5 indicated that the suppression 
phenotype in TAG-11 is due to a recessive mutation that co-segregated with a complex T-
DNA insertion pattern at a single nuclear locus (Figure S1).  We named this locus 
SUPPRESSOR OF VARIEGATION3 (SVR3).  To isolate the svr3-1 single mutant, TAG-11 
(var2-5 svr3-1) was backcrossed with wild-type Arabidopsis.  The genotype of the VAR2 
locus in the F2 progeny of the backcross was determined using derived cleaved amplified 
polymorphic sequence (dCAPs) primers (Neff et al., 1998, Park and Rodermel, 2004).  Figure 
1A shows the phenotypes of TAG-11 and svr3-1.  TAG-11 is smaller than wild-type and less 
green consistent with having less total chlorophyll when compared to wild-type on a fresh 
weight basis (Figure 1B). TAG-11 is also slightly variegated at later developmental stages.  
On the other hand, the phenotype of svr3-1 is somewhat between TAG-11 and wild-type with 
a chlorophyll content significantly higher than TAG-11 but lower than wild-type (Figure 1A-
B).  These observations are in contrast to most of our other characterized var2 suppressor 
lines, in which the suppressor loci appear to be wholly to VAR2 (Park and Rodermel, 2004; 
Yu et al., 2008), i.e., the svr single mutants and the suppressor lines have the same phenotype 
and the suppressor lines do not display visible variegation. This suggests that the genetic 
interaction between var2 and svr3 is more complex than the epistatic relationships we have 
observed before.  TAG-11 and svr3-1 also have slightly lower chlorophyll a/b ratios (Figure 
1C).  
 
Identification of SVR3 
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 The suppression of var2-5 leaf variegation in TAG-11 is linked with T-DNA insertion 
events, but due to the complexity of these events, plasmid rescue attempts were not 
successful in cloning SVR3 (Figure S1).  As an alternative approach, we used positional 
cloning to identify the SVR3 locus to a ~123kb interval on chromosome V using a series of 
molecular markers we designed using the Cereon genomics Indel and SNP databases (Figure 
2A; Jander et al., 2002) (all unpublished primers used in this report are listed in Table S1) 
(Figure 2A).  We reasoned that mutations that can cause suppression of var2 likely affect 
nuclear genes encoding chloroplast proteins.  Six such genes reside in the ~123kb interval.  
Because the nature of the mutation in TAG-11 is likely a T-DNA insertion, PCR using 
primers specific to the candidate genes should fail to amplify wild-type genomic fragments 
containing the T-DNA insertion.  Using this method we determined that At5g13650 is the 
gene bearing the mutation: as illustrated in Figure 2B, primers F1 and R1-1 failed to amplify 
a wild-type sized fragment in this gene from the mutant genomic DNA.  All other genes, by 
contrast, gave rise to wild-type sized fragments with TAG-11 genomic DNA.  We further 
found that primers F1-1 and R1 amplified the same wild-type sized fragments with either 
TAG-11 or wild-type genomic DNA (Figure 2B), suggesting that the T-DNA insertion in 
At5g13650 likely resides between primers F1 and F1-1.  Figure 2C shows that transcripts 
bearing the entire predicted coding region of At5g13650 are not detectable in TAG-11, 
suggesting that svr3-1 is likely a molecular null allele and offering further confirmation that 
At5g13650 is the suppressor gene.  Although our data indicate that At5g13650 is disrupted 
by T-DNA insertion in TAG-11, we cannot completely rule out the possibility that the 
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complex T-DNA insertion pattern in TAG-11 is a result of several individual insertion events 
at closely linked loci. 
 
Identification of svr3-2, a second allele of svr3 
 To verify that At5g13650 is the suppressor gene in TAG-11, we searched for a second 
mutant allele from publicly available collections of T-DNA insertion mutants 
(http://signal.salk.edu/cgi-bin/tdnaexpress).  One line (SAIL_170_B11; TAIL number 
CS871763) (Sessions et al., 2002) was reported to have a T-DNA insertion in the 10th exon 
of the gene; this site was verified by PCR and the allele was designated svr3-2 (Figure 3A).  
Homozygous plants of CS871763 (svr3-2/svr3-2) were crossed with var2-5 to obtain the 
svr3-2 var2-5 double mutant.  Plants homozygous for the svr3-2 allele were obtained by 
selfing CS871763, and the svr3-2 single mutant resembles svr3-1 (Figure 3B).  Figure 3B 
shows that var2 variegation is suppressed in the svr3-2 var2-5 double mutant and that it is 
paler and smaller than the svr3-2 single mutant and wild-type.  This resembles the interaction 
between svr3-1 and var2-5, again suggesting there is a complex genetic interaction between 
these alleles.  svr3-1 l also has a chilling induced chlorosis phenotype (See below, Figure 
8A).  Figure 3C shows representative wild-type, svr3-1, svr3-2 and F1 plants from a cross 
between svr3-1 and svr3-2 (designated svr3-1/svr3-2) which were germinated and grown at 
22°C for three weeks and then transferred to 8°C for four weeks.  Since svr3-1 and svr3-2 
failed to complement each other in svr3-1/svr3-2 plant, our result further confirmed that these 
two mutants are allelic to each other. 
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SVR3 encodes a putative chloroplast TypA translation elongation factor 
 The gene product of SVR3 contains 676 amino acids (~74.4 kDa) and has high to 
tsimilarity to the E. coli translation factor TypA (also known as BipA or YihK) (43% amino 
acid sequence identity, Figure S2).  TypA belongs to the super-family of prokaryotic 
ribosome binding GTPases, especially to the family of translation elongation factor GTPases, 
that include EF-G, EF-Tu and LepA (Margus et al., 2007).  A comparison of the domain 
structures of TypA, LepA, EF-G, and EF-Tu from E. coli and Arabidopsis is shown in Figure 
4A.  Several features are apperant.  First, Arabidopsis factors and their respective E. coli 
counterparts are highly conserved except for the inclusion of a putative chloroplast transit 
peptide at the N-termini of the chloroplast-targeted gene products (Figure 4A; Figure S2).  
Second, the domains are quite conserved between the four factors.  A GTP binding domain 
(Domain I) is present in all factors, while TypA, LepA and EF-G share four equivalent 
domains (Domain I, II, III and V) (Evans et al., 2008; drLivron et al., 2009).  EF-G contains 
an additional domain IV whereas LepA and TypA each has a unique C-terminal domain 
(CTD).  The overall domain structure of TypA is most similar to LepA, which promotes 
promotes back translocation of peptidyl-tRNA from P site to A site and deacylated tRNA 
from E site to P site, the reverse reaction that is promoted by EF-G (Qin et al., 2006). 
 The TypA translation factor is widely but not universally found in prokaryotes and 
eukaryotes (Margus et al., 2007).  A phylogenetic analysis was performed to investigate the 
presence of TypA homologs in representative photosynthetic organisms (Figure 4B).  Only 
one copy of the TypA gene is found in E. coli and the photosynthetic cyanobacterium 
Synechocystis sp. PCC6803.  However, two TypA-like genes are present in Chlamydomonas 
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reinhardtii, rice and Arabidopsis.  The product of these two genes clearly fall into two clades, 
with the corresponding Arabidopsis and rice genes in each clade having extraordinarily 
conserved exon structures in terms of exon numbers and sizes, suggesting a common 
evolutionary ancestor and maybe conserved functions (Figure 4C). SVR3/At5g13650 is more 
closely related to E. coli TypA than the second Arabidopsis TypA-like protein, At2g31060 
(Figure 4B). 
 
Plastid localization of SVR3 
 SVR3 has a putative N-terminal chloroplast transit peptide (CTP) of 57 amino acids 
as predicted TargetP (Emanuelsson et al., 2000).  To confirm this experimentally, a construct 
that contains the SVR3 N-terminal region (1-64aa) fused with eGFP under the control of the 
CaMV 35S promoter (designated P35S:SVR3CTP:GFP) was transiently expressed in wild-
type Arabidopsis leaf protoplasts.  The construct expressing only eGFP (designated 
P35S:GFP) was used as a control.  When eGFP alone was expressed in the protoplasts, the 
green fluorescence signal was present in the cytoplasm (Figure 5A-C).  By contrast, when the 
SVR3 N-terminal sequence was fused at the N-terminus of the eGFP, the green fluorescence 
colocalized with chlorophyll autofluorescence (Figure 5D-F).  These results indicate that the 
transit peptide of SVR3 is sufficient to direct a protein into the chloroplast.  
 
Chloroplast rRNA processing defects in TAG-11 
 Chloroplast rRNA genes (23S, 16S, 4.5S and 5S) are arranged in single transcription 
units, rrn operons in the chloroplast genome (Figure 6A).  After transcription, a series of 
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endonuclease cleavage and exonuclease trimming events are required for the maturation of 
each rRNA species (Bollenbach et al., 2005).  Because chloroplast rRNA processing defects 
have been observed in several var2 suppressor lines (Yu et al., 2008; Liu. X, Yu F. and 
Rodermel S., unpublished data), we wanted to examine this question in the svr3 and TAG-11 
plants.  For these analyses, total cellular RNAs were extracted from wild-type, var2-5, svr3-1, 
and TAG-11 (var2-5 svr3-1) and Northern blot analyses were carried out using rRNA gene-
specific probes (Figure 7B-D).  Accumulation patterns of the 23S rRNA, 16S rRNA and 4.5S 
rRNA species reveal that processing of these rRNAs is not drastically altered in either TAG-
11 or svr3-1 (Figure 6B, C and D respectively).  However, higher molecular weight precursor 
forms of all three accumulate to a somewhat higher level in TAG-11 and svr3-1 compared to 
wild-type or var2-5.  Considered together, our data suggest that svr3 has a small but 
measurable impact on chloroplast rRNA processing.   
 
Accumulation of chloroplast proteins in TAG-11 
 Defects in chloroplast translation are often correlated with defects in chloroplast 
rRNA processing (Yu et al., 2008).  Though we did not find major defects in rRNA 
processing, we were interested in examining how the loss of SVR3 affects the accumulation 
of chloroplast proteins.  These experiments were also prompted by our findings that SVR3 is 
a putative chloroplast translation elongation factor.  To examine this question, we carried out 
immunoblot analysis using antibodies against representative chloroplast proteins encoded by 
both the nuclear and plastid genome (Figure 7).  The proteins were isolated from two-week-
old plant seedlings (wild-type, var2-5, TAG-11, svr3-1 and svr3-2).  We found that the levels 
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of VAR2 and AtFtsH1, subunits of thylakoid membrane FtsH complexes, are considerably 
reduced in amount in var2-5 and TAG-11.  This suggests that suppression of variegation in 
TAG-11 is not due to the enhanced expression/stability of FtsH subunit proteins.  Figure 7 
shows that most of the plastid and nuclear-encoded proteins whose levels do not appear to be 
drastically perturbed in various mutant lines.  Surprisingly, we observed a drastic reduction of 
photosystem II reaction center D1 protein in TAG-11 and the svr3 single mutants.  In these 
plants, D1 is present at far less than 25% of the wild-type amount.  D1 could be regulated at 
level of transcription, translation or protein stability.  D1 levels in svr3-1 and svr3-2 are 
similar, confirming they are likely molecular nulls. 
 
SVR3 is required for normal chloroplast biogenesis under chilling stress 
 Previously, we found that VAR2 is required for proper chloroplast biogenesis at 
chilling temperatures (Liu. X, Yu F. and Rodermel S., unpublished data).  Because 
chloroplast translation is compromised under chilling stress (e.g., Tokuhisa et al., 1998; 
Rogalski et al., 2008), we were prompted to assess whether chloroplast biogenesis is affected 
in svr3 plants that lack TypA; i.e. whether TypA might be involved in the response to chilling 
stress.  Figure 8A shows the phenotypes of 7-week-old wild-type, var2-5, TAG-11 and svr3-1 
(grown at 22°C for three weeks and then transferred to 8°C for four weeks).  After plants 
were exposed to chilling temperature, wild-type plants maintained their ability to produce 
green leaves.  By contrast, the emerging leaves in svr3-1 developed bright yellow tissues, a 
phenotype that suggests a compromised chloroplast development.  Interestingly, when svr3 
plants that were grown for four weeks in the cold were returned to 22°C, the yellow tissue 
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was able to turn green, suggesting that the abnormal plastid development in the yellow tissue 
at chilling temperature is not permanently arrested (data not shown). 
 To investigate whether the chlorosis phenotype of svr3 is due to perturbed chloroplast 
translation under chilling stress, northern blot analysis were used to profile the accumulation 
of several chloroplast rRNA species in samples of total cellular RNA from yellow leaf tissues 
that developed after mutant plants had been transferred to 8°C (Figure 8B-D).  RNA samples 
from emerging wild-type leaves (green) served as control.  Inspection of ethidium bromide-
stained RNA gel shows that chloroplast rRNA species are greatly reduced in abundance in 
svr3-1 and svr3-2 but not in wild-type when grown at 8°C (Supplemental Figure 3D-F).  The 
accumulation pattern of 23S rRNA is shown in Figure 8B.  In agreement with the stained 
RNA gel, the mature forms of 23S rRNAs (1.2kb, 1.0kb and 0.5kb) are greatly reduced in 
amount in both svr3 mutants while the precursor forms (3.2kb, 2.9kb and 2.4kb) have an 
increased abundance.  In addition, close examination of the blot revealed that there is a 
shadowy band (indicated by the *) below the 2.9kb processing intermediate in svr3-1 and 
svr3-2 but not in wild-type, suggesting there might be an additional abnormal processing site 
of 23S rRNA in svr3 mutants.  This was confirmed by Northern blot analyses using 4.5S 
rRNA as a probe: in wild-type, only two bands, the 3.2kb 23S-4.5S dicistronic precursor and 
the mature form of 4.5S rRNA, can be detected, whereas an additional band of ~2.9kb is 
present in svr3-1 and svr3-2 (Figure 8C).  This indicates that 23S rRNA is abnormally 
processed closer to its 5’-end in the mutants and this band likely is the shadowy band we 
observed with 23S probe.  Figure 8D shows the results of Northern blot analysis using the16S 
rRNA probe.  As with 23S rRNA and 4.5S rRNA, the precursor form of 16S rRNA 
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accumulated to a much higher level in svr3 mutants while there was a reduction in the mature 
form.  Considered together with the rRNA data from plants growing at 22°C, we conclude 
that chilling stress accumulates the processing defects present in mutant plants growing at 
22°C.  This suggests that SVR3 is required for normal chloroplast biogenesis by affecting 
chloroplast translation under chilling stress.  
 
Genetic interaction between svr3 and svr7 
 Distinct rRNA processing defects have been observed in a number of different svr 
mutant lines (Liu. X, Yu F. and Rodermel S., unpublished data), suggesting that this process 
is regulated by various factors.  One of these mutants is svr7.  The svr7 mutant, identified in 
our var2 suppressor screen, has pale green phenotype.  It is impaired in a chloroplast PPR 
protein containing a SMR domain at C-terminus (see Chapter II).  PPR proteins are RNA-
binding proteins that are involved in the post-transcriptional regulation of organelle gene 
expression (Schmitz-Linneweber and Small, 2008).   
 As an initial step to investigate the factors that regulate and play a role in chloroplast 
rRNA processing, we undertook a genetic approach and generated double mutants between 
svr3 and svr7.  Figure 9A shows the PCR assay used to confirm the genotype of the svr3-1 
svr7-1 double mutant.  The svr3-1 mutant allele contains a T-DNA insertion, so PCR will fail 
to amplify the fragment bearing the T-DNA insert from homozygous svr3-1 plant genomic 
DNA (Figure 2).  The svr7-1 allele contains 10bp deletion in the SVR7 gene, and the size 
difference between the wild-type SVR7 allele and the svr7-1 allele can be distinguished by 
PCR and resolved by high-concentration agarose gel (Liu. X, Yu F. and Rodermel S., 
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unpublished data).  The phenotype of the svr3-1 svr7-1 double mutants was examined at 22ºC 
(Figure 9B) and 8ºC (Figure 9C).  The double mutant is smaller and yellower than either of 
the single mutant at 22ºC, suggesting a synergistic genetic interaction between svr3 and svr7.  
This suggests that SVR3 and SVR7 function in different branches of the same 
pathway/process under this growth conditions.  At 8ºC, even though the svr7-1 single mutant 
is resistant to cold treatment, the svr3-1 svr7-1 double mutant is susceptible to it inasmuch 
that the double mutant shows a chlorosis phenotype similar to that of the svr3-1 single mutant 
(Figure 9C).  This suggests SVR3 and SVR7 functions in parallel pathways in cold. 
 
Discussion 
Possible functions of SVR3  
 In this report, we found that loss of SVR3, a putative chloroplast TypA translation 
elongation GTPase, suppresses variegation mediated by var2, and that SVR3 is essential for 
plants’ ability to develop functional chloroplasts under chilling stress (8°C), but not normal 
temperature (22°C).  The TypA translation factor is widely conserved but not universally 
present in all prokaryotes (Margus et al., 2007), suggesting that it is probably not an essential 
translation factor.  This is in consistent with our data that SVR3 is not essential for plant 
growth and chloroplast biogenesis at normal growth temperature.  The subtle phenotype of 
svr3 at normal temperature and the fact that it is expressed at this temperature suggest that it 
probably play a minor role in chloroplast translation at 22°C.  At low temperature, however, 
SVR3 may become more intimately involved in chloroplast translation and the lack of SVR3 
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leads to more pronounced growth defects.  Nevertheless, an alternative hypothesis is that 
SVR3/TypA might be a general stress related protein in plants.   
 The function of TypA has been studied extensively in prokaryotic systems and is 
involved in a diverse array of processes including response to bactericidal proteins (Barker et 
al., 2000; Qi et al., 1995), virulence (Farris et al., 1998; Grant et al., 2003), capsule formation 
(Rowe et al., 2004), symbiosis (Kiss et al., 2004) and growth under adverse conditions such 
as low pH, and the presence of SDS (Kiss et al., 2004).  In Salmonella enterica, TypA is able 
to compete with EF-G in ribosome binding, and the GTPase activity of TypA is stimulated in 
the presence of ribosomes (deLivron and Robinson, 2008).  It is notable that TypA is required 
for several bacteria species to grown at low temperatures (Beckering et al., 2002; Grant et al., 
2001; Pfennig et al., 2001; Reva, et al., 2001), which is reminiscent of our findings that 
SVR3 is required for chloroplast biogenesis at low temperature.  We speculate that the SVR3 
results might not be surprising considering the endosymbiotic origin of the chloroplast.   
 In plants, TypA has been linked to the development of male reproductive organs 
(Lalanne et al., 2004; Barak and Trebitsh et al., 2007).  The expression of TypA in Suaeda 
salsa, a salt resistant plant species, is responsive to oxidative stresses and ectopic 
overexpression of this gene resulted in increased oxidative tolerance in tobacco plants (Wang 
et al., 2008).  However, it is not clear whether TypA directly regulates these cellular 
processes, or alternatively, whether it primarily regulates ribosome function under various 
abiotic stresses, and all the other processes are affected secondarily.   
 Translation elongation factors EF-Tu, EF-G, LepA and TypA share a similar 
arrangement of functional domains, especially the latter three, which share domains I, II, III 
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and V and each also contains a unique domain (Figure 4A).  Crystal structures of LepA and 
EF-G revealed highly similar three-dimensional structures (Evans et al., 2008; Gao et al., 
2009). Domains I and II are well conserved and provide sites for interaction with the 50S and 
30S subunits of the ribosome, while the remaining three domains mediate interactions 
between LepA, EF-G with the A site of the ribosome (Evans et al., 2008; Gao et al., 2009).  
A high resolution TypA crystal structure is not yet available but based on the extraordinarily 
conserved domain arrangement between TypA and other two translation elongation factors, 
we can predict that SVR3/AtTypA interacts with chloroplast ribosomes in a manner similar 
to LepA and EF-G with bacterial ribosomes. 
 Despite the above discussed similarities between translation elongation factors, it is 
likely that each factor also has its own features since each factor contains a unique domain, 
which might mediate factor specific interactions with the ribosome and facilitate different 
roles in translation.  In the case of SVR3/AtTypA, the C-terminal domain may play a crucial 
role in mediating specific interactions between TypA and the ribosome at chilling 
temperature by mediating specific translation events.  For example, we observed a specific 
reduction of photosystem II reaction center D1 proteins, but not of other plastid genome 
encoded proteins, in svr3 mutants.  This certainly raises the possibility that SVR3 is 
specifically required for D1 translation in the chloroplast.   
 Chlorosis is one common phenotype observed in chilling-injury due to various 
reasons (Tokuhisa et al., 1998).  Compromised chloroplast translation is often found in 
chilling-sensitive mutants.  Early studies with maize mutants such as M-11 (Millerd et al., 
1969), v16 (Hopkins and Elfman, 1984) and hcf7 (Barkan, 1993) showed that these mutants 
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not only display chlorosis but also have more severe defects in chloroplast ribosome 
assembly and/or translation while exposed to low temperature.  In tobacco, a mutant lack the 
non-essential plastid coded ribosomal protein L33 has defects recovering from chilling injury 
(Rogalski et al., 2008).  Chilling stress in tobacco has also been associated with the pausing 
and delay of chloroplast ribosomes during translation elongation of psbA mRNA which in 
turn results in the synthesis of D1 protein (Salonen et al., 1998; Grennan and Ort, 2007).  In 
Arabidopsis, a decreased level of plastid protein accumulation has been described in the 
chilling sensitive1 (chs1) mutant (Schneider et al., 1995).  A second Arabidopsis mutant, 
paleface1 (pfc1), defines a gene encoding a homolog a yeast 18S rRNA dimethylase (DIM1).  
The phenotype of pfc1 is similar to svr3 inasmuch as it is indistinguishable from wild-type at 
normal temperature but displays a chlorosis phenotype at chilling temperature.  The source of 
this chilling sensitivity was traced to an adenosine modification in chloroplast 16S rRNA, 
which was abolished in pfc1, providing direct evidence that chloroplast rRNA processing 
defects can cause plant chilling-sensitivity (Tokuhisa et al., 1998).  On the other hand, a 
perturbed chloroplast rRNA processing and/or translation does not necessarily lead to chilling 
sensitivity, suggesting that chilling sensitivity is induced by defect(s) of a specific aspect(s) of 
chloroplast translation, rather than to a general compromised translation.  Consistent with this 
hypothesis, a var2 suppressor mutant, svr8, defective in chloroplast ribosomal protein L24, is 
not temperature sensitive (X. Liu, F. Yu and S. Rodermel unpublished data), whereas, svr7, 
encoding a chloroplast PPR protein, has defects in 23S rRNA, 4.5S rRNA and 16S rRNA 
processing is also as tolerant as wild-type to chilling stress (X. Liu, F. Yu and S. Rodermel 
unpublished data; Figure 9C).  
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 It is important to note here that SVR3, as a translation elongation factor, is not 
expected to be a basic protein component of the chloroplast ribosome per se.  Rather we 
propose that SVR3 is a regulatory protein that plays a role in translating specific proteins and 
that is more crucial during stress conditions.  Although we do not know how the absence of a 
regulatory protein such as SVR3 leads to processing of chloroplast rRNA, our data add 
another factor to the growing list of proteins that have been implicated in the processing of 
chloroplast rRNAs (Yu et al., 2008).  At this stage, we do not yet know the why there is 
reduced chloroplast rRNA/ribosome accumulation in svr3 at chilling temperatures, nor why 
there is abnormal rRNA processing and whether these two events are linked.  There are at 
least two possible scenarios.  One is that SVR3 might bind to ribosomes directly during 
ribosome assembly at chilling temperature.  This interaction might protect the 23S rRNA 
from being processed by endo- and/or exo-nucleases.  The abnormally processed 23S rRNA 
would destabilize ribosomes and eventually prevent them from achieving the maximum 
translation efficiency, which could be critical during the early stages of chloroplast biogenesis 
under chilling stress.  A second possibility is that, instead of affecting chloroplast ribosome 
biogenesis directly, SVR3 might be important for the robust translation of a factor(s) that is 
required for chilling tolerance during the transition from proplastids to chloroplasts, and that 
lack of this factor(s) could lead to the abnormal processing event. 
 
Mechanism of suppression of var2 in TAG-11 
 Previously, a number of studies have established a link between compromised 
chloroplast translation and suppression of var2 (Miura et al., 2007; Yu et al., 2008; X. Liu, F. 
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Yu and S. Rodermel unpublished data).  The identification of SVR3, which encodes a 
chloroplast TypA translation elongation factor, reinforces this notion.  However, one 
distinctive phenotype of TAG-11 is that the genetic interaction between var2-5 and svr3 is not 
wholly epistatic as seen in other suppressor lines (Park and Rodermel, 2004; Miura et al., 
2007; Yu et al., 2008) in that the single svr3 mutant resembles many other suppressor single 
mutants and has a slightly pale green leaf color, but the double mutant suppressor line TAG-
11 is smaller than svr3 single mutants and displays some variegation at a late development 
stage.  This is true for both alleles of svr3, indicating that it is specific for the SVR3 locus, 
rather than due to independent mutations in the svr3-1 and svr3-2 backgrounds.  The 
incomplete suppression of variegation in TAG-11 raises the question about the complexity of 
the interaction between chloroplast translation and VAR2 function.  A working model 
presented in Figure 10 summarizes our findings about the action of VAR2 and the products 
of its suppressor genes and the events during chloroplast gene expression.  In short, SVR2 
and SVR7 acts in the same pathway to affect chloroplast rRNA processing and SVR2 is 
upstream to SVR7 (see chapter II), while the synergistic interaction between svr3 and svr7 
suggests that SVR3 acts in a separate branch of the pathway that involves SVR2 and SVR7. 
 Though the exact role of VAR2 in chloroplast translation is unclear, both ours and 
other’s genetic data have clearly established a link between VAR2 and chloroplast 
translation.  The notion that VAR2 may be directly involved in chloroplast translation is not 
far-fetched and in fact is in agreement with findings in mitochondria, where an FtsH-like 
protease m-AAA, consisting of two homologous subunits YTA10 and YTA12, has been 
shown to be involved in the degradation of a number of mitochondrial inner membrane 
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proteins (Pajic et al., 1994).  In a landmark finding by Thomas Langer’s group, the authors 
identified proteins that interact with the m-AAA complex (Nolden et al., 2005).  Surprisingly, 
these include MrpL32, a ribosomal protein of the 50S subunit of the mitochondrial 70S 
ribosome encoded by the nuclear genome.  The authors were able to demonstrate that m-
AAA is responsible for processing of the MrpL32 precursor after it is translocated into the 
mitochondria but prior to its integration into the 70S ribosome.  Furthermore, many defects of 
yta10 and yta12 mutants can be rescued by simply providing the mature form of MrpL32 in 
the mitochondria, indicating that the failure to properly process MrpL32 is the underlying 
cause of yta10 and yta12 mutant phenotypes (Nolden et al., 2005).   
 Currently there are no data suggesting similar directly interaction between VAR2 and 
its homologues with chloroplast ribosome.  Early findings with chloroplast ribosomes have 
established that there are at least two sub-groups of chloroplast ribosomes: the stromal-free 
ribosomes and the thylakoid-bound ribosomes (Chen et al., 1970; Ranaletti et al., 1969).  On 
the other hand, FtsH complex containing VAR2 is situated in the thylakoid membrane.  Thus 
it is conceivable that there might be functional relationships between these two complexes, 
particularly so considering the strong genetic link that has been established. 
 
Materials and Methods 
Plant growth and maintenance  
 All Arabidopsis thaliana plants were maintained at 22ºC under continuous 
illumination with a light intensity of ~100µmol·m-2s-1.  For the chilling treatment, plants were 
germinated and grown at 22ºC for three weeks and then transferred to 8ºC for another four 
weeks under the same illumination conditions.  The svr3-1 single mutant was derived from 
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var2-5 suppressor line TAG-11 while the svr3-2 single mutant was identified from the SAIL 
T-DNA insertion mutant library under the designation CS871763 (Sessions et al., 2002).  The 
svr7-1 single mutant used in this study is derived from the var2 suppressor line 004-003 (X. 
Liu, F, Yu and S. Rodermel, unpublished data).  All Arabidopsis mutants used in this study 
are generated in the Columbia ecotype background. 
 
Chlorophyll Measurements 
 Two-week-old seedlings were harvested, weighed and frozen in liquid nitrogen.  Each 
sample contained two seedlings.  Chlorophyll pigments were extracted using 95% ethanol 
with gentle shaking at 4°C overnight.  Samples were then centrifuged at 14,000g for 10 
minutes at 4°C.  The supernatants were diluted and used for light absorbance measurements 
at 664nm and 649nm.  Chlorophyll content and chlorophyll a/b ratios were calculated 
according to Lichtenthaler (1987). 
 
Map-based cloning of SVR3 
 Map-based cloning was performed according to Jander et al. (2002).  In brief, 
suppressor line TAG-11 (var2-5 svr3-1) was crossed with Landsberg erecta to generate an F2 
mapping population.  The suppressor gene in TAG-11 was first mapped to a region adjacent 
to SSLP marker Nga151 on chromosome 5 by bulked segregant analysis using pooled DNA 
from 100 F2 plants (Lukowitz et al., 2000; Bell and Ecker, 1994).  Additional molecular 
markers were designed based on Indel or SNP polymorphisms between Landsberg erecta and 
Columbia ecotypes (Jander et al., 2002; Table S1) to fine map the gene to a ~123kb interval 
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using a mapping population of 570 F2 plants (1140 chromosomes).  PCR and RT-PCR 
primers that were used to confirm the T-DNA insertion site are listed in Table S1. 
 
Plasmid construction and transient expression in protoplasts 
 A vector pTF486 (designated P35S:GFP) containing the open reading frame of eGFP 
driven by the CaMV 35S promoter was used as a control construct (Yu et al., 2008).  The N-
terminal region (1-64aa) of SVR3 encompassing the predicted chloroplast transit peptide was 
amplified using primers 13650FC and 13650GFPR (Table S1) using pfu Turbo DNA 
polymerase (Stratagene, CA, USA). The PCR product was then cloned into the BamHI and 
NcoI sites of PTF486.  The resulting construct was designated P35S:SVR3 CTP:GFP.  Both 
P35:GFP and P35S:SVR3CTP:GFP were introduced into wild-type Arabidopsis leaf 
protoplasts and transient GFP expression was observed (Yoo et al. 2007; Yu et al., 2008).  
The fluorescent signals of GFP and chlorophyll autofluorescence were moniterd by confocal 
microscopy (Leica TCS NT) using a FITC-TRITC filter combination. 
 
Phylogenetic and gene structure analysis 
 Full-length protein sequences of SVR3/TypA homologs were obtained from the 
National Center for Biotechnology Information (NCBI) Genbank.  The alignment of the 
sequences and the construction of the phylogenetic tree were performed as described in Yu et 
al. (2008).  Gene structures of Arabidopsis and rice TypA homologs were constructed based 
on the annotation of the Arabidopsis genome from TAIR (www.Arabidopsis.org) and rice 
genome from NCBI Genbank. 
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Protein analysis 
 Total leaf proteins were isolated as previously described (Yu et al., 2004).  In brief, 2-
week-old seedlings were harvested and weighed, then ground in liquid nitrogen in 2 x SDS-
PAGE sample buffer (0.125M Tris, pH6.8, 4% SDS, 20% glycerol, 2% β-mecaptolethanol 
and 0.02% bromophenol blue) and centrifuged at 14,000g for ten minutes.  The supernatants 
were resolved via 12% SDS-PAGE, and the proteins were transferred onto nitrocellulose 
membranes (Immobilon-NC, Millipore, USA) (described in full in Yu et al., 2004).  
Polyclonal antibodies described in Yu et al. (2008) were used in the immunoblots.  Proteins 
were detected using the SuperSignal West Pico chemiluminescence kit (Pierce). 
 
Manipulation of nucleic acids 
 The CTAB method was used to extract Arabidopsis leaf DNA (Wetzel et al., 1994), 
and the Trizol RNA reagent (Invitrogen, CA, USA) was used to extract total leaf RNA.  RNA 
gel analysis and northern blots were performed as described in Yu et al. (2008).  RT-PCR 
was performed according to Yu et al. (2004).  Primers used for generation of probes used in 
Northern blots, RT-PCR of ACTIN2, and internal PCR control were described in Yu et al. 
(2008).  Other primers used in this study are listed in Table S1. 
 
Generation of svr3 svr7 double mutants 
 The svr3-1 single mutant was crossed with svr7-1 single mutant.  The genotype of 
SVR3 and SVR7 loci in F2 progeny derived from the cross was determined by PCR analysis: 
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PCR primers 13650F1 and 13650R1-1 was used to genotype SVR3 locus; PCR primers 004-
003F and 004-003R were used to determine the genotype of the SVR7 locus. 
 
Accession numbers 
 SVR3/At5g13650: NP_851035; At2g31060: NP_001031452, rice TypA1: 
NP_001046573; rice TypA2: NP_001044268; Chlamydomonas reinhardii EDO98397, 
XP_001700103; C. reinhardii EDO98992, XP_001699137; Synechocystis sp. PCC 6803 
BAA16764: NP_440084; E.coli TypA: YP_026274 
 
Figure Legends 
Figure 1.  Phenotypes of wild-type, var2-5, TAG-11 and svr3-1 grown at 22°C.  
(A) Representative 3-week old wild-type, var2-5, TAG-11 (var2-5 svr3-1) and svr3-1 single 
mutant plants.  
(B) Chlorophyll contents and (C) Chlorophyll a/b ratios in leaves from 2-week-old wild-type, 
var2-5, TAG-11 (var2-5 svr3-1) and svr3-1. Error Bar represents the mean±S.D. of three 
different samples and each sample consists of two seedlings. 
 
Figure 2.  Cloning of SVR3.  
(A). Procedure of map-based cloning of SVR3 is described in Materials and Methods.  
Markers used in fine mapping are listed in Table S1.  A total of 570 F2 plants (1140 
chromosomes) were examined, and the number of recombinants is shown under each marker.  
The position of SVR3 (At5g13650) is indicated by a *.  In the gene model, boxes represent 
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exons while solid lines represent introns.  Shaded parts of the boxes represent the 5’ and 3’ 
UTR regions. 
(B) and (C) Verification of the identity of SVR3 using PCR (B) and RT-PCR (C).  Primers 
used for PCR and RT-PCR are indicated by arrows in gene model in (A) and their sequences 
are listed in Table S1. 
 
Figure 3.  Identification of svr3-2.   
(A) T-DNA insertion site in svr3-2 (SAIL_170_B11, CS871763).  
(B) Phenotypes of representative 3-week-old wild-type, var2-5, svr3-2 and the svr3-2 var2-5 
double mutant grown at 22°C. 
(C) Phenotypes of 7-week-old wild-type, svr3-1, svr3-2 and svr3-1/svr3-2.  Plants were 
grown at 22°C for three weeks and then transferred to 8°C for four additional weeks before 
being photographed. 
 
Figure 4.  Bioinformactics analysis of SVR3. 
(A) Domain architecture of translation elongation factors.  Chloroplast transit peptides (CTP) 
were determined by TargetP (Emanuelsson et al., 2007).  Conserved domains were identified 
using InterProScan (www.ebi.ac.uk/Tools/InterProScan/) (Quevillon et al., 2005).  
Arabidopsis protein sequences were obtained from TAIR (www.Arabidopsis.org).  E.coli 
protein sequences were obtained from uniprot.org (Accession numbers: EF-Tu, P0A6N1; EF-
G, P0A6M8; LepA, P60785; TypA, P32132). 
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(B) Phylogenetic tree of TypA homologs from Arabidopsis, rice, Chlamydomonas 
reinhardtii, Synechocystis sp. pcc 6803 and E.coli.  Full length protein sequences were 
obtained from the National Center for Biotechnology Information.  Gene ID or Genbank 
accession number is listed in the figure.  MEGA2.1 (Kumar et al., 2001) was used for 
sequence analysis and phylogenetic tree construction. 
(C) Conservation of TypA gene structures in Arabidopsis and rice.  Gene models were 
constructed based on annotation of the Arabidopsis and rice genomes.  Boxes represent exons 
and lines represent introns.  5’ and 3’ untranslated regions (UTRs) are shaded.  Numbers 
above each box refer to the number of nucleotides of each exon excluding the UTRs. 
 
Figure 5.  Chloroplast localization of SVR3. 
Representative wild-type Arabidopsis leaf protoplasts transiently expressing the control GFP 
vector ([A]-[C]) or the 35S:SVR3 CTP:GFP vector ([D]-[F]).  Green fluorescence signals 
from GFP ([A] and [D]) and chlorophyll autofluorescence ([B] and [E]) were monitored by 
confocal microscopy. (C) and (F) are merged images from (A) & (B) and (D) & (E), 
respectively.  Bar respresents 5 µm. 
 
Figure 6.  Accumulation patterns of chloroplast rRNA transcripts at 22°C. 
(A) Structure of rrn operon.  Solid lines under each rRNA gene represent the probe used for 
Northern blot analysis in (B)-(D). 
(B)-(D) Northern blots of 23S (B), 4.5S (C), and 16S (D) rRNAs.  Total leaf RNAs were 
extracted from 3-week-old plants grown under the same conditions as shown in Figure 1A.  
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Equal amounts of RNA (3µg) were loaded onto each lane of the gel.  After electrophoresis 
and transfer, nylon membranes were hybridized with 32P labeled rRNA gene-specific probes 
as indicated in (A).  The gel loading controls are in Figure S3. 
 
Figure 7.  Accumulation of chloroplast proteins. 
Total leaf proteins were extracted from 2-week-old seedlings of wild-type, var2-5, TAG-11 
(var2-5 svr3-1), svr3-1 and svr3-2 grown under the same conditions as in Figure 1A. A 
dilution series of the wild-type samples were loaded..  Other samples were standardized to 
equal amounts of fresh tissue.  Immunoblots were performed using polyclonal antibodies 
against chloroplast proteins of representative complexes: FtsH complex (VAR2, AtFtsHH1), 
PSII (D1, PsbP), PSI (PsaF, PsaN), ATP synthase (ATPα), Rubisco (large subunit [LS]), 
Light harvesting complex (Lhcb2) and Cytochrome b6f (Rieske Fe-S).  Plastid encoded 
proteins are D1, ATPα and Rubisoco large subunit (LS).  Nuclear encoded proteins are 
VAR2, AtFtH1, PsbP, PsaF, PsaN, Lhcb2 and Rieske Fe-S. 
 
Figure 8.  Chilling sensitivity of svr3. 
(A) Phenotypes of 7-week-old wild-type, var2-5, TAG-11 and svr3-1.  Plants were 
germinated and maintained at 22°C for three weeks before subjected to the chilling treatment 
at 8°C for four weeks. 
(B)-(D) Accumulation patterns of chloroplast rRNA transcripts at 8°C.  Northern blots of 23S 
(B), 4.5S (C), and 16S (D) rRNAs were carried out with total RNA samples extracted from 
the emerging yellow leaf tissues of the mutant and emerging green leaf tissues of wild-type.  
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Samples were from the plants as in (A).  Northern blot analysis with indicated probes was 
performed as in Figure 7.  The gel loading controls are in Figure S3. 
 
Figure 9.  Genetic interaction between svr3 and svr7. 
(A) Genotyping of the svr3-1 svr7-1 double mutant.  Top panel: The SVR3 locus was 
genotyped by PCR using primers F1 and R1-1 flanking the T-DNA insertion site in svr3-1.  
Bottom panel: The SVR7 locus was determined by PCR using primers 004-003F and 004-
003R flanking the region containing the deletions in svr7-1.  Primer sequences are listed in 
Table S1. 
(B) Phenotypes of wild-type, svr7-1, svr3-1 and svr3-1 svr7-1 double mutant plants grown at 
22°C for three weeks.  
(C) Phenotypes of wild-type, svr7-1, svr3-1 and svr3-1 svr7-1 double mutant plants grown at 
22°C for three weeks followed by four weeks of growth at 8°C. 
 
Figure 10.  Genetic interaction of VAR2 and SVR proteins. 
The model shows the events of chloroplast gene expression and where VAR2, SVR2, SVR7 
and SVR3 act.  See text for details. 
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Table S1.  Primers used in this study. 
 
Primer Name Primer Sequence Notes 
13650F1C 5’-CAT TCT AGA TTC TCC CTT TTC TCT GTT TCG CG-3’  
13650R1C 5’-CAT TCT AGA CTT CAA TTT CCT CCA AAC CCA GC-3’  
13650F1 5’-TCG CTT AAT GAA ATC CTC GG-3’  
13650F1-1 5’-CGT GGT CGT AAA CAA GAT TG-3’  
13650R1-1 5’-ATC CCA CTA GCA TAT ATC GC-3’  
13650R1 5’-GAT TGT AGG TAG AGG CTT CC-3’  
13650GFPF 5’-CAT GGA TCC TTC TCC CTT TTC TCT GTT TCG CG-3’  
13650GFPR 
5’-CAT GCC ATG GAA CCA CCA CCA CCA 
CCA CCA GTT GAT GGA GAG GCG GAG CA-
3’ 
 
T6I14#1F 5’-GGT TTC TTC TAT TAA GGA CC-3’ Indel col/Ler: 
131bp/105bp T6I14#1R 5’-TAA AAC ATC GTC GTC GGA TG-3’ 
MXE10#1F 5’-TGC TTT TCT CCC TGG TAA TG-3’ Indel col/Ler: 
110bp/98bp MXE10#1R 5’-GTC TCA CTT GCT CAA GTT TG-3’ 
MUA22#1F 5’-CTG GGT ATT GAT GGA CCA AG-3’ Indel col/Ler: 
96bp/84bp MUA22#1R 5’-TCT CGG CGA TGG CAA AAT CC-3’ 
F18O22#1F 5’-GGT TAT ATC GAA AGC GAC TCT AG-3’ 
dCAPs w/XbaI 
F18O22#1R 5’-GAC GAC ATT GGG AGA ATT AG-3’ 
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CHAPTER IV. GENETIC REGULATION OF CHLOROPLAST BIOGENESIS 
 
Introduction 
 Forward genetics, the isolation of relevant mutants and the subsequent cloning and 
analysis of mutant genes, is a powerful tool for dissecting gene functions and regulatory 
circuitry in biological systems.  Many seminal discoveries in biology have been achieved 
through forward genetics and successful examples in plant biology range from work on 
photomorphogenesis (Koornneef et al., 1980), hormone biosynthesis and signal transduction 
(Estelle and Somerville, 1987) and flower development (Weigel and Meyerowitz, 1994), 
among many other now-textbook cases.  Research on chloroplast biogenesis is no exception.   
 In Chapter II and Chapter III, I presented research that utilized genetic approaches, 
particularly forward genetics, trying to answer why a mutation in VAR2 can lead to leaf 
variegation and how genes interact genetically to regulate chloroplast biogenesis.  In this 
chapter, I will describe two more examples where genetics helped me understand how the 
process of chloroplast biogenesis is regulated.  Both cases originated in my var2 suppressor 
work, but they led in very different directions from the work described in Chapters II and III. 
 The first case began with a strain named ems2549, a double mutant which was 
originally isolated in the var2-5 EMS suppressor screen as a putative var2 suppressor (Park 
and Rodermel, 2004).  I obtained the single mutant and both double mutant ems2549 and 
found that both it and ems2549 had a virescent phenotype, with white emerging leaf tissues 
that gradually turn green.  Based on this phenotype, the mutation was tentatively named 
virescent X (virX).  Upon closer examination, I realized that virX is not a suppressor of var2 
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and that the relationship of virX and var2 is likely additive.  Nonetheless, I was intrigued by 
the virX phenotype and cloned the mutant gene.  In the first section of this chapter, I will 
present evidence that I cloned VIRX and that it codes for a novel chloroplast metalloprotease. 
 The second example evolved from an effort to generate a var2-4 near isogenic line 
(var2-4 NIL) in a Landsberg erecta (Ler) ecotype background.  As discussed in Chapters II 
and III, the Rodermel lab is interested in using var2-mediated leaf variegation as a means to 
investigate the regulation of chloroplast biogenesis.  The genetic approach we are taking 
allows us to recover var2 suppressors that reverse the var2 leaf variegation phenotype.  To 
date, we have recovered and characterized a number of such var2 suppressors; however, most 
of the suppressor mutants (single mutants bearing the suppressor gene) display subtle 
phenotypes, such as a pale green or virescent leaf color.  These phenotypes have aided our 
efforts to clone the responsible suppressor genes, particularly via map-based procedures.   
 Because all of our var2 alleles and their suppressors are in the Columbia ecotype, our 
routine mapping procedure is to cross var2 suppressor double mutants with a different 
Arabidopsis ecotype, Landsberg erecta (Ler).  For suppressors that have subtle phenotypes, 
plants with these phenotypes in the F2 generation are used as the mapping population (1/4 of 
F2 plants, assuming the suppressor line [double mutants with var2 background and the single 
suppressor mutant have the same phenotype).  However, in theory, the most robust var2 
suppressor should have a complete wild-type phenotype.  The cloning of such complete 
suppressor via positional cloning procedure may be laborious because it is impossible to 
distinguish the suppressor single or double mutants, which comprise the mapping population.  
One way to overcome this obstacle is to genotype all wild-type appearing plants in the F2, 
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and those plants that are var2 homozygous in genotype and wild-type in phenotype would be 
selected as the mapping population.  The drawbacks of this strategy are that it involves an 
additional step of genotyping to identify the double mutant mapping population, and plants 
that are useful for mapping are reduced to 1/16 of the F2 generation, in contrast to the usual 
1/4 of the F2 generation (assuming random segregation of var2 and suppressor loci).   
 An alternative approach to tackle this problem is by generating an F2 mapping 
population using a Ler plant bearing a var2 mutation.  In this mapping procedure, all plants at 
the F2 generation will be homozygous for var2 and only plants are homozygous for the 
suppressor mutation will have a wild-type phenotype, these plants (1/4 of the F2 plants) will 
be selected as the mapping population, thus avoiding the additional genotyping step.  To 
generation Ler plants homozygous for homozygous for var2, I sought to obtain a var2-4 near 
isogenic line (var2-4 NIL) by the introgression of a var2-4 mutation from Columbia into Ler 
through multiple generations of crosses with molecular marker monitoring.  My goal was to 
create a var2-4 NIL line that is Landsberg erecta in the majority of its genome but which 
contains the var2-4 mutation and a minimal amount of the Columbia genome that tightly 
flanks and cosegregates with the var2-4 mutation.   
 In the second section of this chapter, I will report my progress in the construction of a 
var2-4 NIL and my surprising finding that the Landsberg erecta ecotype background has an 
impact on the manifestation of var2-4 leaf variegation phenotype, i.e. Landsberg erecta 
ecotype is a natural suppressor of var2.  My finding suggests that natural variance may play a 
role in regulating chloroplast biogenesis, similar to the finding that genetic backgrounds 
underlie the differential phytochrome B responses to light signals (Filiault et al., 2008). 
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Results 
Cloning and characterization of virX mutant 
 The virX mutant originated from a putative var2 suppressor line, ems2549, that was 
generated in our var2-5 EMS suppressor screen.  ems2549 has a virescent phenotype, i.e. the 
bases of young leaves are white and the color gradually turns to green towards the leaf tips.  
The mutation in ems2549 that causes the virescent phenotype is likely to have an additive 
effect with var2 since close inspection revealed that ems2549 is as variegated as var2-5 (data 
now shown), suggesting that ems2549 is not a true suppressor.  To obtain the single mutant, 
ems2549 was backcrossed with wild-type Columbia and the F2 progeny were examined and 
PCR genotyped for the VAR2 locus.  This mutant has a virescent phenotype similar to 
ems2549 and was thus tentatively designated virX-1 (virescentX-1).  Figure 1 shows the 
phenotype of virX-1.  Clearly, in newly emerged leaves a gradient of white to green 
coloration is evident, extending from leaf base to leaf tip. 
 Despite the fact that virX-1 is not a var2 suppressor, I decided to clone the gene 
responsible for the mutant phenotype, because it is probably involved in the regulation of 
chloroplast development.  Because virX-1 was recovered from an EMS mutagenized 
population, the phenotype of virX-1 is probably caused by a point mutation, and thus 
positional cloning was used to track down the mutation site.  Figure 2A summarized our 
mapping procedure.  Bulked segregant analysis first linked the mutation to two SSLP markers 
CIW1 and NGA280 on chromosome I (Lukowitz et al., 2000; Bell and Ecker, 1994).  Further 
analysis with custom designed molecular markers based on Indel or SNP polymorphisms 
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between Landsberg erecta and Columbia ecotypes (Jander et al., 2002; All new primers used 
in this study are listed in Table S1) narrowed down the genetic interval containing the 
mutation to ~63kb (Figure 2A).  Since the virescent phenotype suggests that the function of 
the mutated gene is probably related to chloroplast development, I focused on the three genes 
encoding proteins with predicted chloroplast localization signals in this interval.  After 
sequencing the genomic DNA fragments of all three genes, a G to A mutation was found at 
+153 position in one of the genes, At1g56180.  This change would generate a nonsense 
mutation (G to A), converting a tryptophan codon (TGG) to a stop codon (TGA).  To check 
the impact of the virX-1 mutation on At1g56180 gene expression, I performed northern blot 
analysis.  Figure 2B shows that At1g56180 mRNA is expressed in wild-type but that its 
expression is drastically reduced in virX-1, providing further evidence that At1g56180 is 
VirX-1. 
 To categorically establish that the mutation in At1g56180 is the cause of the virescent 
phenotype in virX-1, I conducted a complementation test.  If the virX-1 phenotype is caused 
by the loss-of-function mutation in At1g56180, the introduction of a wild-type copy of 
At1g56180 should be able to rescue the mutant phenotype.  To this end, a full length cDNA 
of At1g56180 driven by the CaMV 35S promoter was cloned into a binary vector and this 
construct was introduced into virX-1 mutant plants via Agrobacterium tumefaciens mediated 
transformation.  T1 plants kanamycin-resistant plants were all green.  Figure 3A shows the 
phenotype of a representative T2 transgenic plant (virX-1 P35S:At1g56180), all of which 
resemble wild-type.  A Northern blot probed with a At1g56180 cDNA sequence shows that 
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the mRNA level of At1g56180 was dramatically increased in the complementation line due 
to the presence of the transgene (Figure 3B).  These results confirm that At1g56180 is VirX. 
 VirX encodes a protein of 389 amino acids (~ 42.6 kDa) that is annotated as a protein 
with unknown function in the Arabidopsis Information Resource Cernter (TAIR).  As an 
initial attempt to study the possible function of VirX, I searched for conserved 
domains/motifs in its protein sequence (Marchler-Bauer et al., 2009) and found that VirX is a 
member of the metalloprotease M41 superfamily.  The signature zinc binding motif 
“HEXXH” for this type of metalloprotease is found near the C-teminus of VirX (amino acids 
235-239).  Interestingly, one prominent example of the M41 type of metalloprotease is 
VAR2.  In contrast to VAR2, VirX lacks the transmembrane domains and the ATP-binding 
cassette found in VAR2. 
 No gene with significant similarity to VirX was found in Escherichia coli or 
Saccharomyces cerevisiae.  Figure 4 shows a phylogenetic analysis of genes for VirX-like 
proteins from several photosynthetic organisms.  Three distinct clades can be recognized in 
this phylogram.  Each clade has one VirX or VirX-like homolog belonging to representative 
dicot (Arabidopsis) and monocot (rice, maize and sorhgum) plant species, suggesting that 
these three lineages diverged before the separation between monocots and dicots.  All VirX-
like proteins in higher plant species shown in Figure 4 are predicted to be targeted to either 
the chloroplast or mitochondrion with the exception of Os04g0639300, which is predicted to 
be in the secretory pathway (Emanuelsson et al., 2007).  However, there is currently no 
experimental evidence for the predicted localizations.  In addition, similar to VirX, no known 
function has been assigned to any of the VirX-like proteins.  At least two other VirX-like 
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proteins (At5g27290 and At2g21960, with their products predicted to be targeted to the 
mitochondrion and chloroplast, respectively) are found in Arabidopsis.   
 Building on my expertise in investigating chloroplast development using a genetic 
approach and also taking advantage of the genetic resources at hand, I generated double 
mutants between virX and various chloroplast protease/chaperone mutants to gain new 
perspectives on VirX function by examining the phenotype of the double mutants.  I have 
already found that the phenotype of virX in a var2 background is probably due to an additive 
effect of the two single mutants (see above), suggesting that VAR2 and VIRX act on 
independent pathways during chloroplast biogenesis.  The next protease mutant I chose to 
study is egy1, which is impaired in a M50 family metalloprotease situated in chloroplast 
thylakoid membranes (Chen et al., 2005).  The egy1 mutant has defective chloroplasts and 
has a yellow phenotype (Chen et al., 2005).  Figure 5A shows that the phenotype of virX-1 
egy1-2 double mutants resembles an egy1 mutant with center yellow developing leaves, 
suggesting an additive effect between the two genes.  Interestingly, egy1 appears to be a 
genetic enhancer of var2 (X. Liu, F. Yu and S. Rodermel, unpublished data). 
 I also generated double mutants between virX and clpC1 and clpC2 mutants, 
respectively.  ClpC1 and ClpC2 are chloroplast Hsp100 chaperones (Schirmer et al., 1996; 
Park and Rodermel, 2004) and may interact with the proteolytic subunits of Clp protease 
complex (Ishikawa et al., 2001).  clpC2 is a var2 suppressor (Park and Rodermel, 2004), 
while clpC1 is not despite a high sequence similarity between the two genes (F. Yu and S. 
Rodermel, unpublished data). Figure 5B and Figure 5C show the phenotypes of the virX-1 
clpC1 double mutant and the virX-1 clpC2 double mutant, respectively.  Similar to virX-1 
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egy1-2 double mutant, the phenotypes of these two double mutants appear to be a simple 
addition of the phenotype of each single mutant.   
Taken together, the genetic interaction data between virX and the mutants we have 
tested so far seems to be additive, suggesting that VirX probably regulates chloroplast 
development in a novel pathway that is parallel to the pathways involving VAR2, EGY1, 
ClpC1 and ClpC2. 
 
Generation var2-4 near isogenic line in Landsberg erecta background 
 To facilitate the positional cloning of near-wild-type var2 suppressors, it would be 
advantageous to have a var2 allele in the Landsberg erecta ecotype.  However, no var2 
mutant allele is currently available in the Ler ecotype.  To solve this problem, I decided to 
generate a var2 near isogenic line (var2-4 NIL) using a strong var2 allele, var2-4, which is in 
the Columbia ecotype.  Through extensive crossing and molecular genotyping, my goal was 
to generate a var2-4 NIL that has a Ler genotype in the majority of its genome but that also 
contains the var2-4 mutation and some surrounding Columbia sequences that are tightly 
linked with var2-4. 
 In generating NIL lines, the most difficult step is to obtain recombination events near 
the VAR2 locus, due to linkage.  I chose to detect recombination events that are close to VAR2 
via genotyping with molecular markers.  Figure 6 is a schematic representation of my strategy 
to generate a var2-4 NIL.  First, I arbitrarily selected two Indel molecular markers T27A16 
and that T21L14 flanking the VAR2 locus on Chromosome 2 (Figure 6A).  The main rationale 
for selecting these two markers was to insure the recovery of recombinant plants in my 
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crosses.  Marker T27A16 is ~500kb from VAR2 and marker T21L14 is ~800kb from VAR2.  
The distance between the two markers is ~1300kb and represents about 1% of the 
Arabidopsis genome (~125 Mb, The Arabidopsis Genome Initiative, 2000).  My approach 
involves first selecting recombinants at marker T21L14 on one side of VAR2 (F2 generation), 
generating a homozygous Ler genotype at marker T21L14 at F3 generation (Figure 6B).  This 
is followed by generating recombinants at the marker T27A16 on the other side of VAR2 (F5 
generation) and the subsequent generation of homozygous Ler genotype at this marker (F6 
generation) (Figure 6B).  My working assumption is that at the F6 generation, the regions 
flanking VAR2 are Ler in genotype.  However, to assure that this is the case, I performed 
further crosses with Ler.  The current status is that I have obtained var2-4 NIL lines at the 
F12 generation.   
 Surprisingly, after several rounds of crosses between var2-4 and Ler, I found that the 
Ler background seems to have an impact on the var2 variegation phenotype inasmuch as Ler 
might be a natural suppressor of var2.  Figure 7A shows the phenotype of two-week-old 
var2-4 NIL plants at the F12 generation.  Compared to var2-4, the var2-4 NIL F12 plant is 
significantly less variegated.  The suppression of variegation becomes even stronger as plant 
development progresses (Figure 7B).  Indel and SSLP markers based on the polymorphisms 
between Columbia and Ler covering all five Arabidopsis genome were used to check the 
genotype of var2-4 NIL F12 (Bell and Ecker, 1994; Jander et al., 2002).  Figure 8 shows that 
the majority parts of var2-4 NIL F12 genome have a homozygous Ler genotype except for 
the parts close to the centromere of chromosome III.  In the future, I will continue to cross 
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var2-4 NIL with Ler.  I will continue to monitor the phenotype and genotype of var2-4 NIL 
in the future crosses. This will set the stage for the cloning responsible suppressor factor(s). 
 
Discussion 
 In this chapter, I presented two more examples of how I used genetic tools to study 
the regulation of chloroplast development.  In the first part, I summarized my work on 
cloning and characterization of a putative chloroplast metalloprotease VirX.  In the virX 
mutant, chloroplast development is delayed at early stage of chloroplast development as 
indicated by its virescent phenotype.  Little is known about the possible function of the VirX 
protein other than it bears a signature “HEXXH” zinc-binding motif of metalloprotease (Van 
der Hoorn, 2008). 
About 100 metalloproteases have been identified in plant genomes based on 
bioinformatics analysis, however, only a handful of these have been studied at the molecular 
level using overexpression and/or knock out/down mutants (Van der Hoorn, 2008).  Plant 
metalloproteases are involved in a wide range of biological processes, including meiosis 
(Sanchez-Moran et al., 2004), plant growth (Golldack et al., 2002), chloroplast biogenesis 
(Chen et al., 2000; Chen et al., 2005; Bölter et al., 2006), thermotorlerance (Chen et al., 
2006), size of meristems (Helliwell et al., 2001; Casamitjana-Martínez et al., 2003) and 
sensitivity to auxin conjugates (Bartel et al., 1995; Davies et al., 1999).  In the future, I plan 
to carry out more experiments to understand the possible function of VirX.  These include 
verification of the putative chloroplast location of VirX, assessing the accumulation of 
chloroplast proteins and assaying its metalloprotease activity. 
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 In the second part of this chapter, I presented my effort to introduce the var2-4 mutant 
allele into the Ler background.  My results at the F12 generation indicated that the natural 
genetic variance between Col and Ler ecotypes affects the variegation phenotype of var2.  
During the rounds of crosses, a trend of a reduction in variegation was observed, as more Ler 
genomic DNA was introduced to var2-4, suggesting that the suppression of variegation in the 
var2-4 NIL is unlikely to be caused by a single-gene (monogenic) allelic variant in Ler, but 
probably due to molecular polymorphisms between Col and Ler at multiple loci (multigenic), 
also known as quantitative trait loci (QTL).  In Arabidopsis, analysis of natural variation 
followed by the cloning of QTL has benefited studies of various physiological processes, 
including seed dormancy and germination, flowering time, plant morphology, primary 
metabolism, and mineral accumulation (reviewed in Alonso-Blanco, et al., 2009).  One 
advantage of using natural variation to study such complicated traits is that it facilitates the 
identification of specific interactions between a particular allelic variant and its genetic 
background.  Also, it could discover alleles that have small contributions to a complex 
phenotype (Benfey and Mitchell-Olds, 2008).   
In the future, I hope by analyzing var2-4 NIL, I can identify QTLs that are involved in 
regulating chloroplast biogenesis.  
 
Materials and Methods 
Plant materials 
 All Arabidopsis thaliana plants were grown under continuous illumination with a 
light intensity of ~100µmol·m-2s-1 at 22ºC.  To generate double mutants, T-DNA mutants of 
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egy1-2 (SALK_134931) and clpC1 (SAIL_873_G11) were ordered from TAIR 
(www.arabidopsis.org).  clpC2 mutants were derived from the var2 suppressor ems2544 
(Park and Rodermel 2004).  These mutants were crossed with virX-1.  At the F2 generation, 
plants with a virX-1 phenotype were selected and harvested to ensure that all plants at the F3 
generation are homozygous for the virX-1 mutant allele.  At the F3 generation, plants with a 
putative double mutant phenotype were genotyped.  The EGY1 and ClpC1 loci were 
genotyped using primers flanking the T-DNA insertion, respectively (35220F and 35220R for 
EGY1 locus; clpC1F and clpC1R for ClpC1 locus).  The ClpC2 locus was genotyped 
according to Park and Rodermel (2004).   
To generate a var2-4 NIL, var2-4 was crossed with Ler for multiple rounds.  The 
presence of the var2-4 mutant allele was monitored by genotyping methods described in Park 
and Rodermel (2004).  Indel marker sets T27A16 and T21L14 flanking the VAR2 locus were 
designed based on the polymorphisms between Landsberg erecta and Columbia ecotypes 
(Jander et al., 2002) 
 
Map-based cloning of VirX 
 Map-based cloning was conducted as described in Jander et al. (2002).  In brief, virX 
was crossed with Landsberg erecta to generate an F2 mapping population.  VirX was first 
mapped to a region adjacent to SSLP marker Nga280 and CIW1 on chromosome I by bulked 
segregant analysis using pooled DNA samples from 100 F2 plants (Lukowitz et al., 2000; 
Bell and Ecker, 1994).  To fine map the gene, a mapping population consisting of 1600 F2 
plants (3200 chromosomes) were screened by Nga280 and F13N6#1, two markers flanking 
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the region bearing the mutation.  New molecular markers were designed based on Indel or 
SNP polymorphisms between Landsberg erecta and Columbia ecotypes (Jander et al., 2002; 
Table S1) to narrow down the interval containing the mutation. 
 
Plasmid construction and complementation of virX 
 A full-length cDNA of At1g56180 was amplified with pfu Turbo  DNA polymerase 
(Strategene) using primers 56180F and 56180R.  This PCR fragment was then cloned into the 
XbaI site of pBluescript KS+.  After confirming the correct open reading frame by 
sequencing, the At1g56180 cDNA fragment was cut out by XbaI and ligated into the binary 
vector pBI111L (a modified pBI121 plasmid) (Yu et al., 2004).  virX mutants were 
transformed using the floral dip method with this vector (Clough and Bent, 1998).  T1 
transgenic plants with kanamycin resistance were then selected and harvested.   
 
Phylogenetic analysis 
 VirX-like proteins were identified using the BlastP program at the National Center for 
Biotechnology Information (NCBI) website (blast.ncbi.nlm.nih.gov).  Full-length protein 
sequences of VirX homologs were obtained from Genbank.  Sequences were aligned and 
analyzed by MEGA4 software (Kumar et al., 2008). 
 
Manipulation of nucleic acids 
 Arabidopsis leaf DNA was isolated using the CTAB method (Wetzel et al., 1994). 
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Total leaf RNA was purified using the Trizol RNA reagent (Invitrogen, CA, USA).  RNA gel 
blot analyses were performed as descried in Yu et al., (2008). 
 
Figure Legends 
Figure 1. Phenotype of virX-1. 
Representative two-week-old seedlings of wild-type and virX-1.  The plants were maintained 
under continuous light (~100µmol·m-2s-1) at 22ºC. 
 
Figure 2. Cloning of VirX. 
(A) Schematic representation of the procedures of map-based cloning of VirX.  The mutation 
in virX-1 was linked to CIW1 and NGA280 on chromosome I by bulked segregant analysis.  
A total of F2 1600 plants (3200 chromosomes) were used in fine mapping.  Primers of the 
new molecular markers are listed in Table S1.  The number of recombinants is listed under 
each marker.  The “*” represents the position of VirX gene, At1g56180.  Boxes represent 
exons and solid lines represent introns in the gene model.   
The 5’ and 3’ UTR regions are shaded. 
(B) RNA gel blot of At1g56180 mRNA accumulation in wild-type and virX-1. Total leaf 
RNAs were extracted from 3-week-old plants grown under the same conditions as shown in 
Figure 1.  Equal amount of RNA (3µg) was loaded onto each lane.  After electrophoresis and 
transfer, nylon membranes were probed with 32P labeled At1g56180 cDNA sequence. 
 
Figure 3. Complementation of virX-1. 
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(A) Representative two-week-old wild type, virX-1, and the virX-1 complementation line, 
designated virX-1 P35S:At1g56180.  virX-1 was transformed with a construct containing 
At1g56180 cDNA driven by the CaMV 35S promoter.  A representative T2 plant is shown. 
(B) RNA gel blot of At1g56180 mRNA accumulation in wild-type, virX-1 and virX 
P35S:At1g56180.  RNA extraction and RNA gel blot were performed as in Figure 2B. 
 
Figure 4. Phylogenetic analysis of VirX-like proteins. 
Full length protein sequences from Arabidopsis, rice, maize, sorghum, Chlamydomonas 
reinhardtii and Synechocystis sp. pcc 6803 were obtained from the National Center for 
Biotechnology Information (NCBI).  NCBI Genbank accession No. or gene ID are listed.  
Sequences were aligned and analyzed by MEGA2.1 (Kumar et al., 2001).  The phylogenetic 
tree was constructed using boot strap method with 1000 trials.  M (mitochondrion), C 
(chloroplast) and S (secretory) are predicted locations of the proteins. 
 
Figure 5. Double mutant analysis. 
Plants were maintained under the same conditions as in Figure 1. 
(A) Phenotypes of 18-day-old wild type, virX-1, egy1-2 and virX-1 egy1-2 double mutant.  
(B) Phenotypes of three-week-old wild type, virX-1, clpC1 and virX-1 clpC1 double mutant. 
(B) Phenotypes of three-week-old wild type, virX-1, clpC2 and virX-1 clpC2 double mutant. 
 
Figure 6. Strategy of constructing var2-4 NIL in Landsberg erecta. 
(A) Positions of Indel markers flanking the VAR2 locus. 
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(B) Schematic representation of the crosses and resulting plants’ genotype from F1 
generation to F12 generation.  Blue represents Columbia background while red represents 
Landsberg erecta  bacground.  “×” represents the position of var2-4 mutation.  Positions of 
the two markers in (A) are indicated by small circles. 
 
Figure 7. Phenotypes of var2-4 NIL F12. 
Plants were maintained under the same conditions as in Figure 1. 
(A) Representative two-week-old wild-type, var2-4, var2-4 NIL F12 and Landsberg erecta. 
(B) Representative three-week-old wild-type, var2-4, var2-4 NIL F12 and Landsberg erecta. 
 
Figure 8. Genotyping of var2-4 NIL F12. 
(A) Positions of the genetic markers used in genotyping.  Lines represent chromosomes.  
Blue dot represents the position of the centromere.  Short vertical lines represent the positions 
of each marker.  All markers are Indels designed according to the polymorphisms between 
Columbia and Ler.  Primers of the markers are listed in Table S1. 
(B) Genotyping results of var2-4 NIL F12.  Two lines of var2-4 NIL F12 were chosen.  
Columbia and Ler served as controls.  Markers flanking the VAR2 locus were shown in red.
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Table S1. Primers used in this study. 
 
Primer Name Primer Sequence Notes 
F13N6#1F 5’- CGA CTC AGT GAA CTC CAA GT -3’ 
Indel marker 
F13N6#1R 5’- ATT CGC TGC TGA ATT CGA GC -3’ 
F13N6#2F 5’- CTG CAG CAA TTG CAC AGT CT -3’ 
Indel marker 
F13N6#2R 5’- GCA CAA TCA CAC TAT CAG AG -3’ 
F14G9#2F 5’- GCT ATT AGG TGC ATG ATG AGA ATT 
-3’ w/EcoRI 
F14G9#2R 5’- TCT CTC TTA CTT CCT TCT CC-3’ 
T6H22#7F 5’- CTG AGC TCA AAA ATA AGG GAG AAT 
-3’ W/EcoRI 
T6H22#7R 5’- CCA GTT CCC AAA GAA ATT GG -3’ 
F14J16#4F 5’- CTT TCT CTT TAG TCT CAA CTT TGA T -3’ dCAPs w/EcoRV 
F14J16#4R 5’- GGT CTT TAT CCC AAT CAA TC-3’ 
56180F 5’-CAT TAT AGA GCA CCT CTA ATG GCT TTA TCT CC-3’ 
 
56180R 5’-CAT TCT AGA ATA CCG AGA GCT TAT CTG CTT CG -3’ 
35220F 5’-CAT GGA TCC TAT CTC TCT CTC TCT CTC CAC TC-3’ 
 
35220R 5’-CAT GGA TCC ACT ACA ACG TCT GCT CAA AGA CG-3’ 
clpC1F 5’-ATT ATT CTG GGT AGT GCT AC-3’ 
 
clpC1R 5’-GAG CTG ATT CAG AGA AAG TTT CG-3’ 
T27A16#1F 5’-TCA GGC ATA CGA AGG AGA AG-3’ Chromosome II Indel 
marker T27A16#1R 5’-TTC ATC CGT TTG GCA CAC AC-3’ 
T21L14#1F 5’-GCG GGA AAA GGA TTT AGA AC-3’ Chromosome II Indel 
marker T21L14#1R 5’-AAG AAG GAA GCA CTT CTA GG-3’ 
F12K11F 5’- TGG CAC TAT ATA AGG GAT AC -3’ Chromosome I Indel 
marker F12K11R 5’- AGG ATC ATC AAG GTA CTT TG -3’ 
T20K24F 5’- CCA ATA TTC GTG GGA GTT AG -3’ Chromosome II Indel 
marker T20K24R 5’- TTT GAT CTA CTT TGC TGT CG -3’ 
T7F6F 5’- GAG CCA GAC TGA TAT CAA CG -3’ Chromosome II Indel 
marker T7F6R 5’- GGT TAA GGA AAG AGA GAG AG -3’ 
MDJ14F 5’- ATG ATA TCT ACT GCA ACC GG -3’ Chromosome III 
Indel marker MDJ14R 5’- CAT GAA GGG TCG GAT TCA AC -3’ 
F24M12F 5’- TCG AGC CGT GAA GAT TCT AC -3’ Chromosome III 
Indel marker F24M12R 5’- CCA AGC TTG TTG ATC TGG TG -3’ 
FCA2F 5’- CAC TTC GTC CTG TAA CAT AG -3’ Chromosome IV Indel 
marker FCA2R 5’- TCC TCC TAG AGT GTT TGT TG -3’ 
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Table S1. (continued) 
F1N20F 5’- CTA GTG ATG TCA AAG TGT TG -3’ Chromosome IV Indel 
marker F1N20R 5’- TGA AAC ACA TTA CCA AGC TC -3’ 
F13G24F 5’- ATG TGG TTA CTG GTT ATG CC -3’ Chromosome V Indel 
marker F13G24R 5’- TGT TAT AAG CTC GGC CTT TC -3’ 
MQJ16F 5’- ATG TCT CCG TAA GTC CAC TG -3’ Chromosome V Indel 
marker MQJ16R 5’- CTG ACG ACA CTA AAA CAC GC -3’ 
F15O5F 5’- CAT ATG ACT GAT GGA ACT TC -3’ Chromosome V Indel 
marker F15O5R 5’- ACA CTT CTA TAT AGG GCC AC -3’ 
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CHAPTER V. GENERAL CONCLUSIONS AND FUTURE RESEARCH 
 
 The Rodermel lab is interested in using variegation mutants, specifically, var2 and 
immutans, to study the regulation of chloroplast biogenesis.  The main approach I have taken 
in the past few years is using var2 genetic suppressor screens to identify genes that are 
involved in this process.   
My research has been focused on the var2 variegation mutant (reviewed in Chapter I).  
VAR2 encodes a chloroplast FtsH protease (Chen et al., 2000; Takechi et al., 2000).  When I 
joined the Rodermel lab in 2006, a lot of important questions regarding VAR2 function had 
already been addressed.  For example, using 2-D green gels followed by MALDI-TOF mass 
spectrum analysis, a former graduate student in our lab (Fei Yu) identified other FtsH 
proteins that interact with VAR2 (Yu et al., 2004; 2005).  Using genetic approaches, he also 
found that there are at least two types of FtsH subunits, and FtsH proteins in each type are 
functionally redundant to each other (Yu et al., 2004; 2005).  Based on these findings a 
“threshold” model was proposed to explain the mechanism of var2 variegation (Yu et al., 
2004).   
These findings greatly advanced our knowledge about VAR2 function and the 
mechanism of variegation.  However, we still faced the sixty four thousand dollar question -- 
why do green and white sectors arise in a uniform mutant genetic background?  Towards this 
end, we carried out second-site var2 genetic suppressor screens.  We hoped to identify 
compensating activities/pathways that could bypass the requirement for VAR2 during 
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chloroplast biogenesis, similar to our finding of the compensating activity provided by 
AtFtsH8 in var2 (Yu et al., 2004). 
 Over 100 putative var2 suppressor lines have been isolated in our genetic screens so 
far, and several suppressor mutants have been analyzed in detail at the molecular level (Park 
and Rodermel, 2004; Yu et al., 2008).  My research has primarily centered on two suppressor 
lines, 004-003 (svr7-1 var2-5) and TAG-11 (svr3-1 var2-5), presented in Chapter II and 
Chapter III, respectively.  Although both lines were originally recovered from an activation 
tagging screen, the T-DNA insertion is not linked to the suppression phenotype in 004-003 
and multiple T-DNA insertions in TAG-11 render it impractical to recover the insertion site 
by plasmid rescue.  Eventually, both suppressor genes, SVR7 in 004-003 and SVR3 in TAG-
11, were cloned via map-based procedures.  SVR7 encodes a chloroplast PPR family protein 
with an SMR domain at its C-terminus and SVR3 encodes a chloroplast TypA translation 
elongation factor.  PPR proteins are involved in a wide range of activities related to post-
transcriptional regulation of plastid gene expression by direct interaction with RNAs 
(Schmitz-Linneweber and Small, 2008), while TypA s a member of the large translation 
elongation factor family of GTPases, such as EF-G, EF-Tu and LepA (Margus et al., 2007).  
Both svr7 and svr3 have chloroplast rRNA processing defects, which is a common syndrome 
of many var2 suppressors (Yu et al., 2008).  I also attempted to study the interaction between 
suppressor mutants within this category by creating double mutants.  So far, I have found that 
svr2 is epistatic to svr7 while svr3 and svr7 interacts with each other synergistically. 
 As var2 suppressor mutants, svr7 and svr3 share some common characteristics.  
However, they each possess unique properties that are of particular importance, 
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demonstrating that there is a complex interaction between chloroplast translation and VAR2 
function.  First, svr7 suppresses var2 completely; while svr3 is a relatively weak suppressor 
of var2 inasmuch as TAG-11 (svr3-1 var2-5) is slightly variegated at later developmental 
stages.  Second, their responses to chilling stress are different.  Since chloroplast translation 
defects are often related to chilling sensitivity in plants (Tokuhisa et al., 1998), I tested the 
chilling stress responses of var2, suppressors lines and suppressor single mutants.  This led to 
the discovery of the chlorosis phenotype displayed by var2 at chilling temperature.  
Interestingly, although svr7 is resistant to chilling stress, it cannot suppress the chlorosis 
phenotype of var2 under this condition.  On the other hand, the svr3 single mutant develops 
yellow/white tissues at chilling temperature.  This echoes the chilling sensitive phenotype of 
Escherichia coli ∆TypA mutant (Pfennig and Flower, 2001).  Third, loss of SVR7 and loss of 
SVR3 affects accumulation of chloroplast proteins differently under normal growth 
conditions.  In svr7, the steady state levels of most chloroplast proteins are comparable to 
those of wild-type, but the level of some abundant chloroplast proteins, such as the large 
subunit of Rubisco and photosystem II reaction center D1 proteins are modestly reduced.  In 
svr3, the most striking finding is that the steady state level of the D1 protein is drastically 
reduced to less than 25% of the wild-type level; while there is no significant change in the 
accumulation of other chloroplast encoded proteins.  Last but not least, svr7 and svr3 display 
distinct patterns of chloroplast 23S rRNA processing.  At normal growth temperature, defects 
in 23S rRNA processing are more pronounced in svr7 than in svr3.  At chilling temperature, 
an abnormal 23S-4.5S dicistronic precursor processing site surfaced unexpectedly in svr3.   
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 Based partly on these findings, I proposed that there is a complex interaction between 
VAR2 and chloroplast translation, and only impairments in certain aspects of chloroplast 
translation are able to compensate for the lack of VAR2.   
 Extending from my work in cloning and characterization of var2 suppressors, another 
two examples of using genetic approaches to study the regulation of chloroplast biogenesis 
were presented in chapter IV.  The first case is the cloning and preliminary characterization 
of a novel chloroplast metalloprotease, VirX.  From the evidence to date, VirX seems to act 
in a different pathway than VAR2.  Several more experiments are planned to clarify VirX’s 
role in regulating chloroplast biogenesis.  The second case is the generation of a var2-4 near 
isogenic line in the Landsberg erecta (Ler) background.  This effort has led to the finding that 
Ler background has a potential impact on var2 variegation inasmuch as Ler might be a 
natural suppressor of var2.  Polymorphisms at multiple loci probably contribute to the 
suppression of var2 variegation in Ler.  In the future, cloning such quantitative trait loci 
(QTLs) will facilitate our understanding of how chloroplast biogenesis is fine-tuned by 
natural variance.   
 In summary, for my dissertation research, I used genetic approaches to study the 
regulation of chloroplast biogenesis.  In chapter II and III, I demonstrated the molecular 
identities of two new var2 suppressor loci, SVR7 and SVR3.  I also explored the genetic 
interactions between different SVR loci.  In chapter IV, I reported the identification of a new 
chloroplast metalloprotease, VirX, and the generation of the var2-4 near isogenic line (var2-4 
NIL) in a Ler background. 
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